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Zusammenfassung
3D-Druck oder Additive Fertigung werden als Sammelbegriffe genutzt, um verschiedene Verfahren oder
Technologien zu bezeichnen, die ein physisches Objekt von einer digitalen Vorlage, einer Datei, erzeugen. Die
meisten dieser Technologien erzeugen das Objekt, indem sie schichtenweise Rohmaterial auftragen, schmelzen,
oder anderweitig zusammenbringen. Für den 3D-Druck sind keine speziellen Werkzeuge, abgesehen vom
3D-Drucker selbst, notwendig. Mittels 3D-Druck lassen sich beinahe alle möglichen Formen und Strukturen
herstellen. Durch 3D-Druck sind Objekte herstellbar, die mit herkömmlichen Fertigungsverfahren nicht
herstellbar sind. Die vorgetragenen Verheißungen dieser Technologien sind sehr vielfältig und umfassen unter
anderem die Möglichkeit, jegliches Objekt schnell, ortsnah und kosteneffizient herzustellen. Es sollen bei
der Herstellung keine unnötigen Ressourcen verschwendet werden oder Verarbeitungsabfälle anfallen. Mit
dem 3D-Druck lassen sich Objekte herstellen, die auf eine bestimmte Funktion oder Form hin optimiert sind.
Da Objekte als Ganzes hergestellt werden können, ist die Montage hinfällig und kann eingespart werden.
Um die Verbreitung und Anwendbarkeit von 3D-Druck weiter voranzubringen, werden in dieser Dissertation
Probleme identiőziert und jeweils Lösungen vorgestellt.
Während des gesamten 3D-Druck Prozesses werden Daten in unterschiedliche Formate umgewandelt, hierfür
sind zusätzliche Informationen notwendig (z. B. Parameterauswahl), diese Informationen können teilweise
verloren gehen, da sie nicht in geeigneter Form gespeichert werden. Ebenso geht Information durch die
Umwandlung selbst verloren.
Der eigentliche 3D-Druck kann teilweise mehrere Stunden dauern, in Abhängigkeit von der Objektgröße,
der Objektkomplexität und des eingesetzten Verfahrens. Im Fused Deposition Modeling (FDM) 3D-Druck
sind Druckzeiten zwischen einer und 20 Stunden üblich. Eine generelle Obergrenze der Druckdauer kann
nicht angegeben werden, da sich die Verfahren und Objekte stark unterscheiden. Der 3D-Druckvorgang kann
durch externe und interne Einwirkungen beschädigt werden. Das Resultat ist die Belegung/Beanspruchung
des 3D-Druckers für einen 3D-Druckvorgang, der kein brauchbares Objekt hervorbringt. In solch einem Fall
wird außerdem die Ressource Material verschwendet.
3D-Drucker stehen meist vom Benutzer entfernt in anderen Räumen, was die Überwachung und Ansteuerung
erschwert. Weiterhin ist eine konstante Überwachung durch die langen 3D-Druckzeiten unpraktisch.
3D-Drucker werden nicht vollständig ausgelastet, was die Kosten für die Benutzung erhöht. Kosten für
die Benutzung errechnen sich z. B. durch die Anschaffungskosten geteilt durch die Anzahl und Dauer der
Benutzung. Eine solche Situation tritt dort ein, wo der Drucker für Spezialaufgaben, z. B. Forschung oder
Prototypenbau, eingesetzt wird, wie z. B. an Instituten einer Universität.
3D-Drucker haben unterschiedliche Schnittstellen, sowohl Hardware (z. B. Universal Serial Bus (USB)
Anschluss, Netzwerkanschluss), als auch Software (Verschiedene G-codes (G-Codes) Dialekte oder andere
Formate). Diese Vielfalt erschwert die Nutzung verschiedener Geräte über Herstellergrenzen hinweg. Weiterhin
ist dadurch der Austausch von Dateien bzw. Modellen zwischen verschiedenen 3D-Druckern beeinträchtigt.
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Es existiert keine Ontologie und Ressourcenbeschreibungssprache, die verschiedene 3D-Druck Techniken
abdeckt. Eine Solche ist notwendig um in automatisierten Systeme ein Scheduling betreiben zu können.
Beispielsweise sind manche 3D-Druckertypen nicht geeignet, um extrem dünnwandige Objekte zu drucken,
diese 3D-Druckertypen dürfen folglich nicht berücksichtigt werden, wenn es darum geht, auf welchem Gerät
das Objekt ausgedruckt werden soll.
In Zukunft wird es für Firmen wichtiger werden, digitale Modelle an Kunden zu verkaufen und sicherzustellen,
dass diese Modelle nicht unberechtigt repliziert oder verbreitet werden.
Druckzeitabschätzungen für den 3D-Druck sind häuőg ungenau. Diese Abschätzung ist notwendig für die
Vorabplanung von Maschinenbelegungen und Objektzuweisungen dem sogenannten Scheduling.
Es existiert kein umfassendes Verständnis von Komplexität im Bereich des 3D-Drucks. Die vorliegenden
Metriken sind teilweise unpassend und auf jeweilige Spezialgebiete angepasst. Ein Verständnis von Komplexität
in diesem Bereich ist notwendig um Objekte effizient für den 3D-Druck zu entwerfen. Ebenso ist dieses
Verständnis notwendig, um genaue Abschätzungen zur Druckzeit zu treffen.
3D-Drucker, die nach dem FDM Prinzip funktionieren, erzeugen manchmal Objekte, die nicht den Vorgaben
entsprechen, zumindest nicht den geometrischen.
In dieser Arbeit wird das strukturierte Design und die Implementierung eines 3D-Druck Services vorgestellt.
Neben dem 3D-Druck Service werden eine Reihe damit verbundener Beiträge dargestellt. Dieser 3D-Druck
Service und die verwandten Beiträge haben zum Ziel, die oben erwähnten Probleme des 3D-Drucks zu
lösen. Mit dieser Arbeit wird ein online- und cloud-basierter 3D-Druck Service zu entwickelt, der sowohl
für Endanwender, als auch für professionelle Anwender nutzbar ist. Das Augenmerk dieses Services liegt
insbesondere auf der Fähigkeit, die Kollaboration und Kooperation seiner Benutzer zu erhöhen.
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Abstract
3D printing or Additive Manufacturing (AM) are utilised as umbrella terms to denote a variety of technologies
to manufacture or create a physical object based on a digital model. Commonly, these technologies create the
objects by adding, fusing or melting a raw material in a layer-wise fashion. Apart from the 3D printer itself, no
specialised tools are required to create almost any shape or form imaginable and designable. The possibilities
of these technologies of these technologies are plentiful and cover the ability to manufacture every object,
rapidly, locally and cost-efficiently without wasted resources and material. Objects can be created to speciőc
forms to perform as perfectly őtting functions without consideration of the assembly process. To further the
advance the availability and applicability of 3D printing, this thesis identiőes the problems that currently
exist and attempts to solve them.
During the 3D printing process, data (i. e., őles) must be converted from their original representation, e. g.,
CAD őle, to the machine instructions for a speciőc 3D printer. During this process, information is lost, and
other information is added. Traceability is lacking in 3D printing.
The actual 3D printing can require a long period of time to complete, during which errors can occur. In
3D printing, these errors are often non-recoverable or reversible, which results in wasted material and time.
In addition to the lack of closed-loop control systems for 3D printers, careful planning and preparation are
required to avoid these costly misprints.
3D printers are usually located remotely from users, due to health and safety considerations, special
placement requirements or out of comfort. Remotely placed equipment is impractical to monitor in person;
however, such monitoring is essential. Especially considering the proneness of 3D printing to errors and the
implications of this as described previously.
Utilisation of 3D printers is an issue, especially with expensive 3D printers. As there are a number of
differing 3D printing technologies available, having the required 3D printer, might be problematic.
3D printers are equipped with a variety of interfaces, depending on the make and model. These differing
interfaces, both hard- and software, hinder the integration of different 3D printers into consistent systems.
There exists no proper and complete ontology or resource description schema or mechanism that covers all
the different 3D printing technologies. Such a resource description mechanism is essential for the automated
scheduling in services or systems. In 3D printing services the selection and matching of appropriate and
suitable 3D printers is essential, as not all 3D printing technologies are able to perform on all materials or are
able to create certain object features, such as thin walls or hollow forms.
The need for companies to sell digital models for AM will increase in scenarios where replacement or
customised parts are 3D printed by consumers at home or in local manufacturing centres. Furthermore,
requirements to safeguard these digital models will increase to avoid a repetition of the problems from the
music industry, e. g., Napster. Replication and ‘theft’ of these models are uncontrollable in the current
situation.
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In a service oriented deployment, or in scenarios where the utilisation is high, estimations of the 3D
printing time are required to be available. Common 3D printing time estimations are inaccurate, which
hinder the application of scheduling.
The complete and comprehensive understanding of the complexity of an object is discordant, especially in
the domain of AM. This understanding is required to both support the design of objects for AM and match
appropriate manufacturing resources to certain objects.
Quality in AM and FDM have been incompletely researched. The quality in general is increased with
maturity of the technology; however, research on the quality achievable with consumer-grade 3D printers is
lacking. Furthermore, cost-sensitive measurement methods for quality assessment are expandable.
This thesis presents the structured design and implementation of a 3D printing service with associated
contributions that provide solutions to particular problems present in the AM domain. The 3D printing service
is the overarching component of this thesis and provides the platform for the other contributions with the
intention to establish an online, cloud-based 3D printing service for use in end-user and professional settings
with a focus on collaboration and cooperation.
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Introduction
Additive Manufacturing (AM) or 3D printing are collective nouns for technologies that are utilised to
create physical objects from digital models using a 3D printer and speciőc materials [243, 245]. Both terms
are often used synonymously, as is the case in this thesis, with an explanation in Section 2.4.
The aim of this chapter is to provide a broad introduction to the domain of Additive Manufacturing (AM)
and the concepts that are relevant to this thesis. Hereinafter, ten problems are identiőed, that are currently
affecting this domain. Following this list of problems, the thesis setting is described (Section 1.2) and the
aims and objectives discussed (Section 1.3). The structure of the manuscript is outlined in Section 1.4 and
the contributions to the thesis are summarised in Section 1.5 for a quick overview.
3D printing is a highly active research domain, reaching over 20000 publications per year [52], and is also
a growing commercial market [422]. Since 2002, the scientiőc output in this area has grown by 41.3 %, on
average, per year. It is also a multi-domain research őeld with a multitude of disciplines involved in research,
see Figure 1.1. In this őgure, the different disciplines attributed to the respective research contributions are
listed. 3D printing has not only been researched in a variety of őelds, but its application and application
potential ranges from food processing, medical (e. g., operation preparation with 3D printed models, teaching,
implantation, organ and tissue 3D printing), industrial (Rapid Manufacturing (RM), Rapid Tooling (RT) and
Rapid Prototyping (RP)), and construction to aviation and the automotive industry. Its greatest potential
lies in its ability to enable mass customisation (MC). The market for AM was estimated at $US 4.8 billion in
2015, with growth predictions up to $US 20 billion by 2020 [492]. According to this report, the number of
desktop or consumer installed 3D printers climbed from 24000 in 2011 to 570000 in 2015, a greater than
20-fold growth rate. For the same time period, the number of installed 3D printers in professional and
industrial settings increased from 47000 to 89000.
The present study contributes to the development of 3D printing or AM by providing solutions to current
problems in the 3D Printing Process (3D-PP). The shortcomings or problems that are currently encountered
when applying 3D printing in either a consumer or an industrial/professional environment are described
below (see Chapter 2 for information on the background of 3D printing and related research). Modern devices
and concepts are required to be constantly connected, embedded and integrated into services or the Internet
in general. This is also holds true for the future development of 3D printing, where the hard- and software
resources are part of a connected service.
With this technology, engineers [66, 91], designers, scientists and other users are able to rapidly and
repeatedly create objects for a range of different applications, thus being an important component in the
Product Development Process (PDP) [316] and innovation process [365]. The origins of this technology from
RP [281, 332, 362, 476] is evidence of this type of rapid creation of objects. The underlying technologies are
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Figure from [52]
numerous and differ in the capabilities of the materials that are processable, in the quality that is achievable
and in the cost that is exerted.
Materials that are processable include thermoplastics [421, 422], such as acrylonitrile butadiene styrene
(ABS), polylactic acid (PLA) or Nylon. These materials are utilised for the cost-sensitive creation of prototypes
(e. g., visual prototypes, user-experience prototypes, őtting prototypes [152]) or end-user centred replacement
or enhancement parts. Furthermore, materials for AM include additive-enriched plastics, ceramics [281],
metals [304, 370] and concrete [171].
The technologies utilised do not follow a uniőed principle but instead are diverse in the mechanism that
creates the objects [81]. The technologies that are currently available to consumers utilise either the physical
properties of thermoplastics to partially melt and solidify the material in place [281] or the chemical properties
of photopolymers to solidify in place under the inŕux of energy [289]. Solidiőcation in place means that the
extrudate is placed along a pre-programmed machine path by the extruder where it hardens and forms the
object in a bead-wise manner.
Technologies such as Direct Metal Laser Sintering (DMLS), Selective Laser Melting (SLM) and Electron
Beam Melting (EBM) are capable of processing metal in powder form to create metallic objects [370, 386].
These technologies are applied, for example, in the aerospace industry [166, 231], automotive industry [124,
179] or in the dental [34] or medical domain [386].
Applications of AM are located in the architecture [464] and construction domain [241, 259], as well as in
the processing of biologically active compounds like food [404] or tissue [288].
From its origins in RP, AM technology has evolved [173] to be utilised not only for prototyping purposes to
help designers and engineers quickly and cheaply assess the physical object in the PDP from the beginning,
but also in the production of low-volume production series of specialised and customised parts [71, 76].
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1.1 Problems and Opportunities in Additive Manufacturing
Additive Manufacturing has been actively researched and studied for its industrial applications, consumer
orientation and scientiőc research opportunities. From the variety of currently existing problems, the following
ten were identiőed as being signiőcant and form the foundation of this thesis.
1.1.1 Problem 1 – Loss of Information during the 3D Printing Process
Currently, 3D printing is characterised by the necessity to transform data from different őle formats into
derivative őle formats to move from the original digital model to the machine code instructions, and őnally
to the physical object [153, 464]. The model that is to be fabricated is an abstract concept and can be
represented in different ways. For a discussion and deőnition of the term model, see McAdams and Dym [284],
Bézivin [68] and Jeffers [220]. Commonly the model is designed or modelled in Computer Aided Design (CAD)
software and stored in a őle format that is speciőc to the CAD software [281]. In this case, the model is
represented mathematically, which is the representation that is closest to the abstract model itself. From the
CAD model, a derivative is constructed for utilisation in the slicing software. Stereolithography (őle format)
(STL) [406] is an example of such an intermediary őle format and contains the tessellated representation of
the object. The STL őle format is utilised, despite its shortcomings (e. g., lack of multi-material and colour
support, possible inconsistencies in facet representation and redundancy in representation [471]) as it is
supported by most CAD software [219] and all slicer software. Because of this, it is an exchange format for the
application of 3D printing [325]. From this STL őle format, the machine code, the so-called G programming
language (G-Code) [212], is generated. This representation contains the instructions for the 3D printer and
is speciőc to either a class of 3D printers or to a 3D printer itself. Further conversions might be required
or omitted depending on the CAD software and the 3D printer in use. However, with these conversions,
information is lost [219]. Other disadvantages are that additional information, such as object placement [139,
246], object orientation [393], 3D print process parameter selection [329, 433] or material selection [177, 370]
is required for the conversion of the data and the creation of the physical object. This information is acquired
from the user. In addition, there is no support to encapsulate all the information and data from all the
models, őles and inŕuences throughout the 3D printing process.
1.1.2 Problem 2 – Long 3D Printing Times and Erroneous 3D Prints
This problem involves the actual 3D printing by the 3D printer. 3D printing can require long periods
of time to complete [155, 437], depending on the model complexity [443], model orientation [419], model
volume [254] and the utilised 3D printing technology [222, 356] and 3D printer utilised. A 3D printing duration
of greater than őve hours [303] is considered long for this work. Support for monitoring and early error or
fault state detection is scarce in consumer-grade 3D printers; however, these have been actively researched in
general [307, 470]. Continuous monitoring by the user is not feasible in long-running 3D prints. In the case of
an error occurring [60, 260] during 3D printing, the material either continues to be deposited or not. When
it is continuously deposited the 3D print does not necessarily result in a usable object [26], thus wasting
the material. If no material is deposited but an unrecoverable error occurs, then the 3D printer is occupied
without a usable result. Furthermore, the 3D printer itself can become damaged during certain error cases.
In general, misprints need to be avoided.
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1.1.3 Problem 3 – Remote Access and Control
Issues arise because 3D printers are recommended to be located away from the user, which is recommended
owing to health concerns [200, 320] or because of convenience. In industrial settings, this is always the case
due to the nature of the 3D printer, with industrial 3D printers being large and requiring a high-amperage
power connection and compressed air supply, e. g., Stratasys Fortus 900mc [402] requires a 40 A power supply
and is 2.8 × 1.7 × 2.0 m in size with a weight of 2869 kg. In industrial settings, machine operators are
required [112, 155]; however, constant manual or visual monitoring is impractical. Whereas with remote 3D
printers, the control and monitoring are difficult. The majority of 3D printers require some degree of manual
user interaction, at the least after completion of the 3D print for removal of the object or objects from the
3D printer [162]. The control interface for 3D printers is designed for users to be physically present; however,
current development shifts the User Interface (UI) towards Internet-enabled and Internet-controlled devices.
1.1.4 Problem 4 – Low Utilisation
Operators of 3D printers are interested in high utilisation of their equipment [253]. In industrial or
professional use, this is to reduce the cost of operation [38, 154, 191], which might be the same for
consumers [390]. Utilisation increase is achievable for industrial or professional usage within a company or
enterprise by sharing of the resource [449, 453]. For consumers, utilisation increase and proőt generation
is possible via the integration of 3D printers into online 3D printer services and the fabrication of objects
for third parties [2]. Low utilisation can be caused by a lack of projects, i. e., objects to be manufactured
additively suitable for a speciőc 3D printer type, inefficient process parameter selection or lack of monitoring
and support equipment or personnel.
1.1.5 Problem 5 – Variety in Control Means
To associate 3D printers with online 3D printer services or to share them as common resources within a
company, the communication means, i. e., protocols and connectors must be abstracted [185, 244]. Currently,
a number of different connections are available and employed to control 3D printers, e. g., Universal Serial Bus
(USB), control computers or manual interaction with a UI at the 3D printer [193]. Furthermore, a number
of different protocols and machine code instruction sets are employed for the control of 3D printers. This
variety requires speciőc control and management systems for each variant, thus inŕicting increased cost due
to increased maintenance and adaption efforts. Furthermore, it complicates the device handling and is prone
to vendor lock-in.
1.1.6 Problem 6 – Lack of Resource Description
Resource sharing in online 3D printing services is only possible if a certain level of abstraction [185], as
described before, and comprehensive representation of resources is supported [268]. 3D printing denotes a
number of different technologies and the differences must be adequately represented [477]. Such representation
is required to enable őnding matching resources [253, 361], i. e., 3D printers and materials for user supplied
3D printing requests. For example, certain models require the object to be printed in metal, which means
that the 3D printer has to be capable of manufacturing metal [373, 436]. Other models can contain certain
parts, e. g., extremely thin walls [271, 356] or intricate geometrical features, which are prohibitive to certain
3D printing technologies. In an automated service that utilises the existing resources to a high degree, a
compatible and suitable machine for each request must be found automatically [268, 407]. Currently, there is
no resource description language, framework or method for the complete 3D printing domain available. A
corresponding ontology is also not available.
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1.1.7 Problem 7 – Distribution of Digital Model
With increasing connection and networking capabilities [263], and integration into services, commercial
opportunities for 3D printing will arise [88, 146, 202, 226]. Such opportunities include the sale of digital
models to customers, e. g., as replacement parts [231] or customised parts [330]. Furthermore, 3D printing has
the potential to change the distribution networks of commerce [298] when local manufacturing and MC
become feasible alternatives to mass-production in foreign countries. These opportunities will face the same
threats [94, 423, 486] that the digital video- [287] and music [252, 358] industry has faced in the past and is
currently facing. The largest threat is Intellectual Property (IP) misuse [115, 218], commonly referred to as
piracy or theft [85]. With digital products, replication – either sanctioned and unsanctioned [145] – is easy.
Digital rights management (DRM) is characterised by both an acceptance and usability problem. With 3D
printed objects, there is a physical object as an end product, in contrast to the complete virtuality of digital
video and music. Because of this nature of the physical end product, DRM solutions are not completely
applicable to this domain [391].
1.1.8 Problem 8 – 3D Printing Time Estimation
For resource allocation within 3D printing services, it is essential to estimate the required 3D printing time
beforehand [443, 490]. Without an accurate estimate, resources might not be scheduled optimally [264], e. g.,
if personnel are unavailable for the removal of a őnished object and the 3D printer remains idle after a 3D
print or a resource gets allocated for an amount of time that does not reŕect the actual 3D printing time [55].
Slicing software provides estimations for the 3D printing time that match the real 3D printing time [193],
albeit often inaccurately. The 3D print duration is inŕuenced by a number of factors, e. g., process parameter
selection, material processed or 3D printer utilised.
1.1.9 Problem 9 – Lack of Comprehensive Understanding of Object Complexity
For an estimation of the 3D printing time, a thorough understanding of the inŕuencing factors [35, 87]
related to the 3D printing time [181, 246] and the underlying complexity [340, 364] of objects is required.
Existing metrics to evaluate the complexity of objects within the AM domain are incomplete or inept [59,
432]. Without proper knowledge of the complexity of objects in the AM, object design is also impaired. AM
enables the creation of objects with features that are not possible to make by traditional manufacturing.
Conversely, the manufacturing times are longer. Therefore, in the design for AM, certain geometrical and
structural features need to be balanced to avoid long processing times. To perform this, an understanding of
object complexity is required.
1.1.10 Problem 10 – Quality in Fused Deposition Modeling
3D printing promises the ability to design and manufacture objects speciőc to the requirements expressed
by a user or customer [120, 162]. The objects are not constrained by manufacturability but can be constructed
for a speciőc function [30]. Limitations of this paradigm come from the ability and accuracy [36, 87] of
the employed 3D printing technology and the speciőc 3D printer. 3D printers, especially consumer-grade
Fused Deposition Modeling (FDM), are prone to manufacture objects that are not completely accurate to
the digital model [101], either due to handling errors or machine- or material-inherent factors [199]. This
problem warrants the research on the accuracy producible by FDM consumer-grade 3D printers as this market
segment is of great signiőcance [72, 94, 95, 347].
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1.2 Thesis Setting
The thesis setting is described in greater detail below.
The concept of Cloud Manufacturing (CM) [185, 465] further supports the application of AM. CM is an
adaption of the Cloud Computing (CC) [314, 408, 472] paradigm for the manufacturing domain. With CM
the manufacturing capability becomes a consumable service [257] that can be acquired just in time, similar to
computing resources in CC [142, Chap. 2]. An adaption of CC patterns [141] is required for CM as it is more
hardware inŕuenced, with special requirements and restrictions. In a globalised and technological advancing
industry, the requirements and necessity to utilise, control, monitor and share production equipment over
the Internet becomes evident [350, 352]. Albeit, CM is neither limited to nor focused on AM; however, AM
is important to fully ŕedged CM systems. With AM, such systems are able to provide quick-response and
low-overhead capabilities of manufacturing [479].
3D printing relies on speciőc őle formats [163, 219] that contain the required information for each process
step. These őles must be transformed into other őle formats throughout the 3D-PP [406], see Figure 1.2.
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Figure 1.2.: 3D Printing Process
With this transformation, information can be lost and the reproducibility of 3D printing is impaired [327,
471]. In this tract, a őle format and architecture for the efficient and traceable storage of all digital artefacts
along the 3D-PP is presented. Details of the őle format are described in Chapter 3. With this data format
and the associated storage architecture, it is possible to exchange, store and evaluate 3D printing executions,
thus enabling collaborative and traceable work. The data format is then utilised in the 3D printing service
developed within this research (see Chapter 5).
To enhance the build quality of the objects, it is necessary to monitor the process appropriately [398, 449].
With the presentation of a sensorial monitoring [255, 450] package, a retroőttable solution for this purpose is
presented. The sensor monitoring enables low-cost supervision of the 3D-PP, in this case of an FDM 3D
printer. This sensor development and integration into the 3D printing service is described in Section 4.1. In
combination with a computer vision [387] based early fault detection system [307], as presented in Section 4.2,
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a thorough monitoring solution for the 3D-PP is established. The system enables rapid and early fault and
error state detection [344], thus potentially contributing to cost and time savings.
In Chapter 5, the framework and implementation of a cloud-based 3D printing service [186] is presented.
This service enables the use and control of 3D printers over the Internet and is intended for both consumers
and institutions such as universities and industry. The service is based on and utilises an ontology [407] for
AM-hardware resources, which is the content of Section 5.2. With this ontology, it is possible to achieve a
matching of existing AM-hardware resources and requirements for material printable, as speciőed by the user
of this system, or in future iterations will be extractable from the appropriate model őles themselves. For
enabling ŕexibility and extensibility, this service is backed by a universal Application Programming Interface
(API) that abstracts the various soft- and hardware interfaces of different 3D printers and associated software.
This API is discussed in Section 5.3.
One of the software components currently integral to the 3D-PP is the so-called Slicing-Software [197,
321]. With this software, the digital model is prepared for the actual 3D printing by partitioning into
two-dimensional layers, also called slices [322]. From these slices, the machine-path is generated that is
then stored in a speciőc őle and transferred to the 3D printer for execution. With the work contained in
Section 3.2, it is shown, that the slicing software has a signiőcant inŕuence on the quality of the resulting
object.
An IP protection method of digital content distribution for the previously discussed service is discussed
in Chapter 6 and contributes a possible solution to the problem of IP-theft [170, 285] in the growing AM
markets [475]. Similar to the music- and video industries [69, 92], AM faces and will continue to face,
requirements to safeguard and protect its IP [249].
The research described in this thesis is mainly carried out on an FDM type 3D printer, a MakerBot
Replicator 2X [275]. Certain aspects of this thesis are limited to FDM technology, such as the evaluation of
the geometrical ődelity of 3D printed objects as presented in Chapter 7. Such an analysis enables the most
qualiőed assessment of the suitability of 3D printing for applications on hand.
The last contribution to this work is the discussion and examination of complexity [110, 478] in the context
of AM (Chapter 8). Based on a literature study, an experiment and a survey, it is argued that complexity is
not free, as has been proclaimed in numerous statements regarding AM. For the decision-making process in
AM, the cost inŕicted by complexity is essential to understand. The decision of whether to manufacture an
object additively or by other means is driven by a number of inŕuencing factors, among them is the cost.
This thesis is concluded with a summary of the contributions (see Section 9.1) and provides an outlook for
future enhancements and research opportunities (see Section 9.2).
The contributions in this thesis enhance the usage of AM in particular and speciőc ways. The multifaceted
domain of AM is reŕected by the variety of contributions presented in this thesis, covering all the steps in the
3D-PP. AM is inŕuenced by, and researched in, a large number of disciplines such as material and mechanical
sciences, physics and engineering, (see Figure 1.1). Improvements in 3D printing are required to increase its
application in professional and end-user settings. The general aim of this thesis is to enable the integration of
3D printers into an online service so that these devices can be utilisable remotely and as a shared resource.
Further aims and objectives that are covered in this thesis are presented in Section 1.3. Through this service
orientation, they can become easier to manage, utilised to a higher degree and provide improvements to
collaboration.
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3D printing is an important component for the prototyping of objects in the PDP [62, 66] and will increase
in application in the general manufacturing domain [360, 379]. The factors identiőed to inhibit the adaption
of AM are, among others, setup, unit and error cost, which are summarised in the study by Rogers, Baricz
and Pawar [360]. This thesis provides propositions to alleviate these problems. In the scenario proposed
in this thesis, 3D printing resources become shareable, with an extensible and intuitive interface to enable
collaboration and cooperation throughout the 3D-PP, traceable artefacts and information to aid in the
understanding of the 3D-PP, and the error rate for fabrication is reduced through monitoring.
Furthermore, improvements and contributions for the entire 3D-PP are detailed.
1.3 Aims and Objectives
This thesis focuses on providing concepts, designs, analysis and implementations that support aspects of the
3D-PP to improve usability, quality and efficiency. The overarching aim is to provide means and methods for
the improvement of 3D printing which is to be incorporated in a concept termed 3D Printing-as-a-Service.
This concept denotes the capability of including 3D printing in online, cloud-based services to make these
services and resources remotely accessible. For this concept to be applied, 3D printing and associated processes
must be improved from its current status. End-users and owners of 3D printers, as well as the professional
application of 3D printing in professional settings, will beneőt from the improvements discussed in this thesis.
An example of the professional application is the RP within the PDP [361, 362, 409].
Furthermore, understanding of the current deőciencies and possible improvements of 3D printing in general
is enhanced by the contributions given hereinafter.
To achieve this, the seven aims (Section 1.3.1–Section 1.3.7) of this thesis are outlined, with these aims
setting the scope of the thesis.
1.3.1 Traceable Data Throughout the 3D Printing Process
The őrst aim of this thesis is to provide a method and means to acquire, store and handle all data and
information regarding the 3D printing of a speciőc object. For this, the term 3D print Job is introduced and
deőned in Deőnition 1.1.
Deőnition 1.1 (3D Print Job)
A 3D printing or 3D print job denotes the fabrication of an object on a specific 3D printer as issued by a user.
A 3D print job is characterised by a set of parameters, such as slicing height, quality settings and material.
The result is either the physical object from the digital model or nothing in cases where errors have occurred.
The resulting object does not necessarily match the expectations of the user regarding quality and completeness.
Further, data that is generated throughout the 3D print job, e. g., software execution logs, sensor data, image-
and video data, Quality Assurance (QA) measurements, and requirements, are also part of the 3D print job.
Aggregated information and data storage is required for traceability of digital and physical artefacts
generated throughout the 3D printing process. Furthermore, aggregated data is required for potential Big-
Data applications, where error generation patterns are to be analysed, based on the model, user interaction,
and participating machinery. In potential Hybrid Manufacturing (HM) applications, the data must also
be aggregated throughout the process to enable automated object handling, e. g., removal from the 3D
printer, and automated post-processing, e. g., removal of supporting structures based on information from the
CAD-model and slicing information.
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1.3.2 Provision of Fast and Reliable Error State Detection in 3D Printing
The second aim of this thesis is to provide a method to detect and react on 3D printing errors close to
their appearance. This error state detection is intended to save time and material on misprints. As 3D
printing can require multiple hours, depending on the object’s size, material, complexity and the selected
process parameters, misprints can cause material wastage and delays in the processing of further objects.
The manual observation or monitoring of the 3D printer is not feasible in many applications, e. g., when the
printer is located remotely to the user. The focus of this work is to provide a method for the FDM technology,
which is often found in consumer-grade 3D printers, to detect errors automatically and reliably.
1.3.3 Concept and Implementation of a 3D Printing Service
The third aim is to provide information on the conceptualisation and implementation of an online 3D
printing service. This service is intended for use within research settings, e. g., universities, companies or for
the remote management, control and monitoring of a 3D printer for consumers. The service is designed to
enable collaboration and cooperation throughout the whole 3D-PP. Furthermore, this service is intended as a
basis for future extensions towards a CM system. The service must include capabilities to manage, control
and supervise existing 3D printers. The service enables the user-friendly management of the 3D printer and
allows for remote 3D printing capabilities.
1.3.4 Design and Implementation of a Universal API for 3D Printing
The design and implementation of a universal and uniőed API for the application within the proposed
3D printing service, is the fourth aim. Such an API must enable the abstraction of the multiple soft- and
hardware resources involved and required for 3D printing. The numerous software control interfaces for the
3D printer types must be made available in a uniőed way. In current implementations of soft- and hardware,
there exists a multitude of differences on how to control 3D printing resources. Process parameters must be
abstracted and analysed for their meaning to enable transferability between different software programs that
control or set-up those processes or technologies.
1.3.5 Securing IP in 3D Printing
The őfth major goal of this thesis is to provide a method to ensure the safe distribution of IP in AM-
scenarios. To ensure the safeguarding of the IP, some form of traceability from the digital model to the
physical object must be provided. In upcoming digital marketplaces, the owner of a digital model must be
able to distribute or sell his model while still retaining control of the usage and further distribution of the őle.
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1.3.6 Quality Assessment of FDM 3D Printing
The sixth aim is to provide a measurement and understanding of the capabilities possible with FDM 3D
printing regarding the achievable quality. One such quality that is measurable is the geometrical ődelity of
the object, i. e., the accordance of the geometry of the resulting, physical object and the digital model. 3D
printing can only fabricate an object that is similar to the digital object to a certain degree and depending
on the employed 3D printing technology, material and parameters selected. With FDM, the imprecision is
inherent with the method, due to the inability to create right-angled corners, material shrinkage for some
materials due to temperature differences and the stair-casing effect due to the imprecision of the machine. The
resulting object in 3D printing is often a tradeoff between high quality, long processing times and expensive
machinery.
1.3.7 Complexity Evaluation of Objects in 3D Printing
The seventh aim of this thesis is to provide better understanding of the complexity of objects that can
be manufactured with AM. Existing metrics and assessments of object complexity must be analysed and
tested for their applicability to AM. The existing metrics and the metric proposed within this study must be
measurable and accurate by some means. The 3D printing time could be such a measurable property against
which the metrics can be tested.
1.4 Chapter Overview and Structure
In this section, the structure of the thesis is outlined, with the individual contributions described. The
respective chapters are based on work, that is published in international, peer-reviewed journals, and in the
proceedings of international, peer-reviewed conferences. All contributions are attributed to their original
manuscripts with collaborative work indicated in each of the introductions. For collaborative work, the
author’s contribution is made explicit in the speciőc introduction.
The general structure of this thesis is as follows:
• Chapter 1 provides an introduction, with the problems relating to AM presented.
• Chapter 2 conveys the principles and concepts of AM and 3D printing, which are required for the
understanding of the thesis.
• In Chapter 3 to Chapter 8, individual contributions are presented that aim to improve the current
understanding of 3D printing and to provide improvements necessary to the application of 3D printing.
Detailed descriptions of these chapters are reported in Section 1.4.1–Section 1.4.6 below.
• In Chapter 9, a conclusion of the thesis is presented, and implications for future work provided.
• The thesis concludes with Section 9.3, which lists the individual contribution of student’s work to this
thesis.
In the following sections, Chapter 3 to Chapter 8 are outlined, with reference to the basis for these works.
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1.4.1 Overview – Data Format
Throughout the 3D-PP information stored in CAD őles must be transformed into a format that is
understood by the executing 3D printer. As CAD software usually works on and stores its data in proprietary
formats, the STL data format is the de-facto standard for the handling of 3D object data in the AM domain.
This format is the input of the slicing software, which generates the machine-tool path and stores this in a
format tailored to a speciőc 3D printer, e. g., G-Code. In the transformations, information and precision can
be lost, as well as information required as input for certain orientation and process parameters. Chapter 3 is
based on the publication ‘Uniőed Storage File Format for Additive Manufacturing’ by Baumann, Eichhoff,
and Roller, 2016 [42].
1.4.1.1 Overview – Slicing Software
The processing step of transforming the oriented digital model into slices by the slicing software or slicer,
is essential to the quality of the produced object. With this step, the machine path is calculated and stored
in a őle format readable by the 3D printer. Section 3.2 demonstrates that the quality of end-results relies on
the quality and capabilities of the slicing software. This section is based on the publication titled ‘Inŕuence
of slicing tools on quality of 3D printed parts’ by Baumann, Bugdayci, Grunert, Keller, and Roller, 2016 [41].
1.4.2 Overview – State Detection in 3D Printing
The actual 3D printing can be a time-consuming process, depending on the complexity and size of the
object to be printed. This process is not without ŕaws, especially for consumer-grade 3D printers, and will
sometimes lead to misprints. This is due to a number of reasons, e. g., external disturbances of the 3D
printer or internal errors. As 3D printing can take many hours and is usually not constantly monitored
in person, such errors can lead to hours wasted and a signiőcant amount of material misspent. Early and
reliable state and fault detection can alleviate this problem. Two solutions for this problem are discussed in
Section 4.1 and Section 4.2.
1.4.2.1 Overview – Sensor Node
The development of retroőttable sensor nodes and their integration in the service detailed in this work
is presented in Section 4.1. The sensor nodes are extensible, low-cost devices capable of registering a large
number of environmental parameters during the 3D printing. Through this monitoring, the 3D printing is
traceable and can be analysed at a later stage. Furthermore, sensorial monitoring is of the essence in future
Industry 4.0 applications and usable for technologies like predictive maintenance and machine supervision.
Section 4.1 is based on the publication titled ‘Concept Development of a Sensor Array for 3D Printer’ by
Baumann, Schön, Eichhoff, and Roller, 2016 [54].
1.4.2.2 Overview – 3D Printing Supervision for AM using Computer Vision
Visual inspection of the object in print serves a dual-purpose. First, it allows the human operator to
remotely assess the progress of the build and, second, it allows for automated progress and state detection.
With the computer vision based approach presented in Section 4.2, an automated detection of failed prints
is possible almost immediately. This early failure detection is promising in saving costs and material in
failure cases. The system presented is based on a retroőttable of-the-shelf video input device and requires no
permanent alterations to the 3D printer itself. This section is based on the publication titled ‘Vision based
error detection for 3D printing processes’ by Baumann and Roller, 2016 [49].
23
1 | Introduction
1.4.3 Overview – 3D Printing Service
In Chapter 5 the architecture, design and implementation of a cloud-based 3D printing service for use at both
the consumer and institutional level are presented. The service presented allows for the monitoring, control
and utilisation of remote and local 3D printers as well as the utilisation of third-party 3D printing services.
With this service, the utilisation of 3D printers within corporate settings can be increased as they become
shared resources. The service builds on a strong notion of collaboration and cooperation by features that
aid in the exchange and discussion of appropriate 3D printing parameters. The service further enables
traceability throughout the 3D-PP by aggregation of associated information and őles. This work is based on
the publications titled ‘3D Printing Process Pipeline on the Internet’ by Baumann and Roller, 2016 [48] and
‘Collaborative Cloud Printing Service’ by Baumann, Eichhoff, and Roller, 2016 [44]. The service presented
in this thesis includes all contributions of this research, relies explicitly on a comprehensive AM-resource
description presented in Section 5.2 and a universal and abstracting API for the control of hard- and software
components as presented in Section 5.3.
1.4.3.1 Overview – AM Resource Description/Ontology
In Section 5.2, the development of an ontology and resource description framework for the AM-domain is
presented. The basis for this section is the publication titled ‘Resource Description for Additive Manufacturing
– Supporting Scheduling and Provisioning’ by Baumann, Eichhoff, and Roller, 2017 [51]. The ability to express
the capabilities of AM-hardware resources enables efficient scheduling and resource matching in online services
for AM.
1.4.3.2 Overview – Universal API for AM
3D printing hardware is commonly controlled using proprietary software in the case of professional devices,
or by a variety of open-source software in the case of consumer devices. Different dialects for the G-Code
exist and are in use among different manufacturers. Furthermore, different modes of connection to and from
the 3D printer are available. To enable 3D printers of different manufacturers and models for the integration
in the presented 3D printing service, Section 5.3 presents the design and development of a universal and
abstract API. This additional layer abstracts the control of a number of hard- and software-resources in
such a way that the resources can be controlled uniformly. This section is based on the publications titled
‘Abstract API for 3D Printing Hardware and Software Resources’, by Baumann, Kopp, and Roller, 2016 [46]
and ‘Universal API for 3D Printers’ by Baumann, Kopp, and Roller, 2016 [45].
1.4.4 Overview – Intellectual Property Protection in AM
In an attempt to avoid the problems that the video- and music industry faced in the early 2000s and
continues to face in terms of copyright infringement with digital artefacts, this section provides a possible
solution to the distribution of digital models to the customers without the uncontrolled release of the digital
property. The approach presented in Chapter 6 secures the digital data using existing 3D model watermarking
algorithms to ensure the authenticity and traceability of 3D printed objects. This section is based on the
publication titled ‘Streaming Provisioning for Additive Manufacturing – Securing IP’ by Baumann, Ludwig,
Abele, Hoffmann, and Roller, 2016 [47].
For the demonstration of the design and development of a watermarking schema, for FDM-based 3D
printing , the contribution ‘Watermarking for Fused Deposition Modeling by Seam Placement’ by Baumann
and Roller, 2017 [53], is used as a basis for Section 6.2.
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1.4.5 Overview – Quality Aspects in 3D Printing – Geometrical Fidelity
In Chapter 7, the analysis of the geometrical ődelity for FDM printed objects is discussed. Geometrical
ődelity is one aspect of quality that is relevant to 3D printed objects. The geometry is analysed with software
that is designed and implemented within this tract. The software utilises computer vision for the analysis
of the specimens. Equipment for this analysis is limited to a high-resolution image scanning device. It is
experimentally shown that the median of the difference between the digital model and the 3D printed object
is within a 5 % margin. This experiment accounts for expansion and shrinking effects inherent to the material
in use, i. e., ABS. This section is based on the publications titled ‘Software-aided measurement of geometrical
ődelity for 3D printed objects’ by Baumann, Wellekötter, Roller, and Bonten, 2017 [57] and ‘Geometrical
Fidelity of Consumer Grade 3D Printers’ by Baumann, Wellekötter, Roller, and Bonten, 2016 [56].
1.4.6 Overview – Study on Complexity in AM
The last contribution to this thesis is speciőed in Chapter 8. This contribution is a discussion on the
complexity within AM. This contributes to the knowledge on the applicability of AM and provides information
on aspects inŕuencing the complexity of an object when manufactured additively. This discussion is supported
by a survey that is also presented in this section. Two models for the 3D printing time estimation are developed
and analysed. This section is based on a publication titled ‘Free Complexity in Additive Manufacturing - A
study in Fused Deposition Modeling’ by Baumann, Straßer, and Roller, 2016 [55].
1.5 Research Contributions
In this section, a complete listing of research published during this thesis is presented. The works are
published in peer-reviewed, international journals or presented at national and international conferences and
published in the respective peer-reviewed proceedings.
1. Baumann and Roller: ‘Additive Manufacturing, Cloud Printing and Services: A review’ [52] – In
Chapter 2, with the aim to provide an overview and introduction to the topic of this thesis
2. Baumann, Eichhoff, and Roller: ‘Uniőed Storage File Format for Additive Manufacturing’ [42] – In
Section 3.1, with the aim of Traceable Data Throughout the 3D Printing Process (Section 1.3.1) to solve
the problem of Loss of Information during the 3D Printing Process (Section 1.1.1)
3. Baumann, Bugdayci, Grunert, Keller, and Roller: ‘Inŕuence of slicing tools on quality of 3D printed
parts’ [41] – In Section 3.2, with the aim of Quality Assessment of FDM 3D Printing (Section 1.3.6) to
solve the problems of Quality in Fused Deposition Modeling (Section 1.1.10) and Lack of Comprehensive
Understanding of Object Complexity (Section 1.1.9)
4. Baumann, Schön, Eichhoff, and Roller: ‘Concept development of a Sensor Array for 3D Printer’ [54] –
In Section 4.1, with the aim of Provision of Fast and Reliable Error State Detection in 3D Printing
(Section 1.3.2) to solve the problem of Long 3D Printing times and Erroneous 3D Prints (Section 1.1.2)
5. Baumann and Roller: ‘Vision based error detection for 3D printing processes’ [49] – In Section 4.2, with
the aim of Provision of Fast and Reliable Error State Detection in 3D Printing (Section 1.3.2) to solve
the problem of Long 3D Printing times and Erroneous 3D Prints (Section 1.1.2)
6. Baumann, Eichhoff, and Roller: ‘Collaborative Cloud Printing Service’ [44] – In Section 5.1, with the
aim of Concept and Implementation of a 3D Printing Service (Section 1.3.3) to solve the problems
of Distribution of Digital Models (Section 1.1.7), Remote Access and Control (Section 1.1.3), Low
Utilisation (Section 1.1.4), and Variety in Control Means (Section 1.1.5)
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7. Baumann and Roller: ‘Resource Description for Additive Manufacturing – Supporting Scheduling
and Provisioning’ 2017 [51] – In Section 5.2, with the aim of Concept and Implementation of a 3D
Printing Service (Section 1.3.3) and Design and Implementation of a Universal API for 3D Printing
(Section 1.3.4) to solve the problem of Lack of Resource Description (Section 1.1.6)
8. Baumann, Kopp, and Roller: ‘Abstract API for 3D Printing Hardware and Software Resources’ [46]
– In Section 5.3, with the aim of Design and Implementation of a Universal API for 3D Printing
(Section 1.3.4) to solve the problems of Remote Access and Control (Section 1.1.3) and Variety in
Control Means (Section 1.1.5)
9. Baumann, Kopp, and Roller: ‘Universal API for 3D Printers’ [45] – In Section 5.3, with the aim of
Design and Implementation of a Universal API for 3D Printing (Section 1.3.4) to solve the problems of
Remote Access and Control (Section 1.1.3) and Variety in Control Means (Section 1.1.5)
10. Baumann and Roller: ‘Closed-Loop Control of 3D Printers via Web Services’ [50] – To solve the problem
of Concept and Implementation of a 3D Printing Service (Section 1.3.3)
11. Baumann, Ludwig, Abele, Hoffmann, and Roller: ‘Model-Data Streaming for Additive Manufacturing
– Securing Intellectual Property’ [47] – In Section 6.1, with the aim of Securing IP in 3D Printing
(Section 1.3.5) to solve the problem of Distribution of Digital Models (Section 1.1.7)
12. Baumann and Roller: ‘Watermarking for Fused Deposition Modeling by Seam Placement’ [53] – In
Section 6.2, with the aim of Securing IP in 3D Printing (Section 1.3.5) to solve the problem of
Distribution of Digital Models (Section 1.1.7)
13. Baumann, Wellekötter, Roller, and Bonten: ‘Software-Aided Measurement of Geometrical Fidelity for
3D Printed Objects’ [57] – In Chapter 7, with the aim of Quality Assessment of FDM 3D Printing
(Section 1.3.6) to solve the problem of Quality in Fused Deposition Modeling (Section 1.1.10)
14. Baumann, Wellekötter, Roller, and Bonten: ‘Geometrical Fidelity of Consumer Grade 3D Printers’ [56]
– In Chapter 7, with the aim of Quality Assessment of FDM 3D Printing (Section 1.3.6) to solve the
problem of Quality in Fused Deposition Modeling (Section 1.1.10)
15. Baumann, Eichhoff, and Roller: ‘Scanned Image Data from 3D-printed Specimens Using Fused De-
position Modeling’ [43] – In Section 7.4.1, with the aim of Quality Assessment of FDM 3D Printing
(Section 1.3.6) to solve the problem of Quality in Fused Deposition Modeling (Section 1.1.10)
16. Baumann, Straßer, and Roller: ‘Free Complexity in Additive Manufacturing - A study in Fused
Deposition Modeling’ [55] – In Chapter 8, with the aim of Complexity Evaluation of Objects in 3D
Printing (Section 1.3.7) to solve the problem of Lack of Comprehensive Understanding of Object
Complexity (Section 1.1.9)
1.6 Chapter Summary
In this chapter, an introduction to the domain of 3D printing and AM is provided. Ten problems are
identiőed and seven aims formulated in an attempt to solve these problems. The individual contributions are
outlined and references provided to their respective publications. In Section 1.5, the published research of the
author is listed for a quick overview.
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Background
This chapter is based on the publication titled ‘Additive Manufacturing, Cloud Printing and Services: A
review’ by Baumann and Roller, submitted for publication as a pre-print to arXiv. In this work, the author
performed the review, the service analysis, formed the critique, and formulated the manuscript.
2.1 Introduction
Hereinafter, an introduction to the principles and mechanisms of 3D printing is provided. In the őrst part,
the technology of Additive Manufacturing (AM) is presented, with details of the Fused Deposition Modeling
(FDM) process. The underlying concepts for all technologies are presented and a classiőcation schema is
shown. In the second part, the 3D Printing Process (3D-PP) is explained. This process is composed of seven
steps and forms the structure of 3D printing.
2.1.1 3D Printing/Additive Manufacturing
3D printing or AM is the process of creating physical objects from digital models, usually layer upon layer
[245]. Technologies for AM include FDM (trademark of Stratasys Inc.; FDM is also known as Fused Filament
Fabrication or Free Form Fabrication (FFF) or Fused Layer Modeling (FLM)) Selective Laser Sintering (SLS),
Electron Beam Melting (EBM), Laminated Object Manufacturing (LOM), Stereolithography (SLA) and
Electron Beam Freeform Fabrication (EBF). AM technologies differ in the capabilities of the processable
material and achievable quality. The research described in this tract is focused on FDM, where thermoplastics
such as acrylonitrile butadiene styrene (ABS) or polylactic acid (PLA) are fed from a roll in őlament form to
a heated extruder. This extruder heats the plastic to a semi-molten state, which is above the glass-transition
temperature and then extrudes it through a nozzle. The heater assembly is mounted on the printhead, which
is movable in two dimensions (X-Y plane) by electromotors, following a pre-programmed path (tool path). In
Figure 2.1, the approximation of the form of the original model by a layer-wise construction, which is inherent
to most 3D printing technologies, is depicted. Other conőgurations are also available, with varying degrees of
freedom for each component, e. g., extruder moveable in only one dimension. See Horvath [193, Chap. 2],
Hopkinson, Hague and Dickens [192, Chap. 5], Pham [333, Chap. 2] or Gibson, Rosen and Stucker [162,
Chap. 6] for detailed descriptions of FDM technology.
Figure 2.2 depicts the MakerBot Replicator 2X 3D printer, which is utilised in the present study. The
key components are annotated in the őgure. Alterations from the original model include the removal of the
front plate, addition of sensors and respective cabling, addition of visual markers and the removal of the
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3D Printed Structure
Layer Height Model Contour
Layer
Printing Bed
Figure 2.1.: Schematic View of 3D Printing with Layers Forming the Object to Approximate the Original
Model Shape; side view
secondary extrusion unit on the right hand side of the printhead. The 3D printer User Interface (UI) at the
front is equipped with a black and white text display and a őve-way switch. The controlling electronics are
housed inside a metal enclosure on the underside of the 3D printer. The őlament is fed from spools attached
to the back of the 3D printer via hollow plastic tubes. The frame of the 3D printer is composed of metal,
with plastic applications. In its original conőguration, the 3D printer is equipped with a clear plastic hood
and a frontal lid. The movement in the Z-axis for this mode, is actuated by a rotating screw attached to
an electromotor. In Figure 2.2, the degrees of freedom of the individual components (printing bed in the
Z-dimension, printhead carriage in the Y-dimension and printhead in the X-dimension) are indicated by
white arrows with black outlines for movement along the X-, Y- and Z-axis. The origin of the coordinate
system in this őgure is the front, bottom left corner of the 3D printer. The coordinate system is identical to
the schematic view in Figure 2.3.
Printhead
Printing Bed
Object
Y-Axis Rail
Z-Axis Screw
Z-Axis Rail
X-Axis Rail
Cooling Fan
Nozzle
X-Axis Motor
Y-Axis Motor
Electronics Housing
Interface
Frame
Figure 2.2.: FDM 3D Printer: MakerBot Replicator 2X
Figure 2.3 shows the schematic makeup of an FDM 3D printer. In this őgure, the printing bed is movable
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Figure 2.3.: Schematic of a 3D Printer
Filament MTD
Heating Element
Nozzle
Extrudate
Figure 2.4.: FDM Printhead Schematic
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in one dimension – the Z-axis – along the Z-axis rail. The printhead, depicted as a red box, is movable along
the X-axis on the printhead gantry, guided by the X-axis rail, which is movable along the Y-axis on the
Y-axis rail. In this setup, the externally mounted őlament spool contains plastic őlament, depicted in green,
which is fed to the printhead. The individual components are guided by rails and driven by either screws or
belts with electromotors. The axis guide rails are indicated by thick dotted lines. In this őgure, the outer
box is the 3D printer, and the build envelope is a subset of this space, with limitations related to the size of
the printing bed and the available height inside the 3D printer.
Figure 2.4 shows a depiction of a printhead of an FDM 3D printer. In this őgure, the őlament is depicted as
a vertical blue line, which becomes semi-molten by the heating element; that is depicted as the red rectangles.
The gradient of the őlament denotes the state change of the őlament – from solid to semi-molten. The
őlament is then extruded through the nozzle onto the underlying layer or printing bed. In this őgure, the
Material Transport Device (MTD) is depicted by the grey circle. This device feeds the őlament to the heating
element and the nozzle. In the majority of cases, this piece is a metallic gear with spikes or grooves that
allows the gear to transport the őlament back and forth to the nozzle, for extrusion and retraction purposes.
This gear is driven by an electromotor. Two major design differences exist; in the őrst case the Material
Transport Device (MTD) is located at the printhead and the őlament is pulled for the majority of the length
within the 3D printer; whereas in the second case, the MTD is located off the printhead, thus reducing its
weight. This set-up is called a Bowden extruder. In this case, the material is pushed to the extruder. In
Figure 2.5, the printhead from the MakerBot Replicator 2X is depicted with annotations for the respective
components. The complete printhead is mounted on the carriage, which is movable along two dimensions
(X- and Y-axis). The circular shapes are visual indicators for an experiment discussed later in this thesis
(Section 4.2), and these are not standard. To display the structure of the printhead, the cooling fan of the
right extruder has been removed in this photograph. The printhead of this 3D printer is a dual extruder, i. e.,
capable of extruding two different materials consecutively within the same layer.
Printhead
Cooling Fan
Printed Object
Nozzle
CarriagePrinting Bed
Filament
MTD
Heating Element
Figure 2.5.: FDM Type Printhead
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With this setup, it is possible to trace contours and interiors of an object slice-wise. After completion of
every layer, the printing bed is moved in the Z-direction, so the following layer can be added on top, which
makes this technology 2.5 dimensional. Alternatively, the printhead is moved in the Z-direction. Calling
these technologies 2.5 dimensional instead of 3 dimensional is more precise, as the object is not manufactured
in 3 dimensions simultaneously but rather is manufactured layer after layer.
For the generation of the tool path (slicing), it is necessary to segment the original digital model into slices
that can be analysed for tool movement along the contours and interior. Various strategies exist for the
generation of the tool path as models are mostly created hollow with a speciőc inőll pattern for the reduction
of weight and processing time. The initial focus on FDM technology does not limit this research to only this
technology as the 3D-PP is similar with alterations due to the technology used and parameters adapted.
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According to ASTM Standard F2792-12a [27], 3D printing can be classiőed into seven categories (see also
[431]):
1. VAT Polymerisation denotes a group of technologies that rely on the solidiőcation of a liquid
photopolymer inside a vat under energy inŕux [99, 191]. The energy can be supplied in the form of a
laser or a Digital Light Processing (DLP) projected image. The topmost layer of the liquid resin within
the vat is getting exposed to the energy, and in this layer the photopolymer solidiőes in an area where
the energy was applied. This topmost layer is called the solidiőcation area. On the completion of one
layer, the object – attached to a build platform – is either lowered by a speciőc height (layer height) or
additional liquid resin is added to the vat to submerge the already created object. See Figure 2.6 for a
schematic view of this process and setup. In this őgure, the object, which is contoured by a red line, is
cured in the vat, indicated by the light grey shading, with the use of an energy source, in this case a
laser.
Energy SourceLaser
Vat
Photopolymer (Liquid)
Solidification Zone3D Printed Object
Figure 2.6.: Vat Polymerisation Schematic
2. Material Jetting denotes a technology that is similar to desktop ink-jet 2D printing whereby material
is jetted onto a surface or previous layer where it solidiőes [139, 216, 480]. The solidiőcation is sped up
by the application of energy, e. g., Ultra Violet Light (UV). Different materials can be processed with
this technology, with the requirement to change from liquid to solid state in a well-deőned state-change,
e. g., wax that solidiőes when cooled below a threshold temperature. Object creation with multiple
colours is possible with this method.
3. Binder Jetting categorises technologies that work by spraying or depositing a binder material onto a
surface of powdered material [162, 396, 405]. Technically, this is similar to the technology of Powder
Bed Fusion as the material is in powder form and spread evenly onto the job box. By the selective
deposition of the binding agent, the powder is fused together to form the object. It is possible to
manufacture a number of materials with this technology, e. g., plastics, sand, ceramic and metal powder.
Some materials require post-processing such as sintering or curing.
4. Material Extrusion denotes a group of technologies that form a 3D object by the extrusion of material
through a nozzle and deposition onto the printing bed or previous layer of the object. FDM is part of
this group. With FDM [78, 79, 369], a thermoplastic material, e. g., ABS or PLA is heated to above
the glass-transition temperature and becomes semi-molten. The material is then pressed through a
nozzle, where it cools below the solidiőcation temperature and forms the object.
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5. Powder Bed Fusion denotes a group of technologies that are characterised by the material being
processed that is supplied in powder form. The material is applied to a job box and made even with
a roller. The topmost layer is selectively exposed to an energy source, e. g., a laser or electron beam,
which causes the metal powder to melt or partially melt the powder in place. A number of different
technologies exist within this group, which differ in the mechanism in which the powder is fused, e. g.,
by the addition of a binder material additive to the material powder, or the post-processing steps
required to complete the object, e. g., sintering [326, 458],
6. Sheet Lamination categorises technologies that are based on lamination, i. e., joining, of single sheets
of material together in a stack-wise manner [376]. The sheet’s material can be paper, plastic or metal
őlm. The 3D printer places one layer upon the previous layer or directly onto the printing bed, and
then traces and cuts the contour using a laser or mechanical cutter. The layer adhesion can be achieved
using an adhesive agent or (ultrasound) welding.
7. Direct Energy Deposition denotes a group of technologies that deposit material onto the object
directly. The material can be a powder or wire, which is molten in place by some form of energy, e. g.,
a laser. Laser Engineered Net Shaping (LENS) [481] is a speciőc technology within this group, where
the material is deposited on the surface of the object or printing bed. This technology allows for the
fabrication of objects, which are not constrained to the layer-wise creation of other technologies. The
nozzle or deposition head is usually mounted on a robot arm, with 4- or 5-degrees of freedom.
Besides this classiőcation, the technologies can be categorised by different aspects, see [256] for classiőcation
based on the material and application and [464] for classiőcation based on the material state and material
state change method.
For the application of AM, its advantages [140, 162, 251, 460] and disadvantages, must be assessed in
general and for speciőc situations. Some of these are listed below.
Advantages of AM
• Enables mass customisation (MC) (Individual)
• Low ramp-up time (Rapid)
• Reduced wastage material (Sustainable)
• Large range of geometric features possible (Versatile)
• Integrated components without assembly (Efficient)
• Production on demand (Flexible)
Disadvantages of AM
• More expensive than traditional manufacturing (mass-production), per unit
• Expensive equipment required
• Long processing times
• Technology speciőc designs required
• Reduced material strength and quality, compared to traditionally manufactured parts
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2.1.2 The 3D Printing Process
Figure 1.2 in Chapter 1 presents a process for creating an object from a digital model [162, Chap. 1]. The
following seven steps are performed:
1. The process begins with the design (Step one) of the product [245], which can differ from the design of
a subtractive or mass-produced object as the part can be designed for function instead of designed for
manufacturing. Furthermore, in this step, speciőcs like thermal expansion inherent to the fabrication
process must be taken into account. The design phase is mostly regarded as out of the scope of this
thesis. Concepts such as collaborative design [19] are expressed where applicable and relevant. The
model can also be generated from an existing object using 3D laser scanning or other reverse engineering
techniques.
2. Step two of this process is the positioning of the model in the virtual space that represents the 3D
printer and its physical restrictions. Positioning can encompass single objects or multiple objects for
increased 3D printer utilisation and, furthermore, can inŕuence the quality of the constructed object.
3. After the 3D print object is positioned, it is sliced using slicer software (Step three). Numerous slicing
software exists, and they differ in certain aspects such as speed, precision, quality and strategies for 3D
printing support structures [41].
4. The following steps include the upload to the 3D printer (Step four) if it is a networked device or other
means like deployment on memory devices (e. g., Secure Digital (SD)-Card, Universal Serial Bus (USB)
Stick) and the beginning of the 3D print, which can either require manual interaction or be handled by
software.
5. During 3D printing (Step őve) the user is often required to supervise the 3D printing progress as this is
error prone especially for consumer-grade devices [172].
6. Post-processing (Step six) and Quality Assurance (Step seven) follow when the object has been 3D
printed, with these two steps inŕuencing each other. Post-processing can entail the removal of
unprocessed material and support structures, or surface and object treatment. Quality Assurance (QA)
denotes the quality assessment of the 3D printed object in accordance with pre-deőned speciőcations.
The steps listed above, involve different hardware (e. g., different 3D printer models) and different software
programs. They can utilise proprietary or standardised protocols for communication with or to control the
3D printer. The software applied can be proprietary or open-source. Software is utilised to transform a digital
model from a speciőc input őle format to a speciőc output őle format, while other proprietary or open-source
software is used to position and slice the digital model for 3D printing.
Further information on these steps is detailed in the book written by Gebhardt [155, Chap. 2].
The process described herein, can be performed in end-user settings, i. e., as an individual, in industrial or
professional environments – collaboratively or embedded in further processes – and it can be supported or
executed by third-party service providers. In the next section, a selection of online 3D printing providers is
presented, to illustrate the variety of existing services and to further ground this thesis.
2.1.3 Online 3D Printing Services and Platforms
There are numerous dedicated 3D printing services available to consumers, professionals and industrial
users. They differ in the clients they address, services they offer, quality they can provide and the costs they
charge. In this section, an overview of a selection of available 3D printing services is provided. This list is
not conclusive as a number of enterprises offer 3D printing services in their portfolio; however, they are not
necessarily considered 3D printing services. This is due to either their local mode of operation or the limited
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number of 3D printers the user can choose from. This overview is closely based on the work of [348] and
extends its őndings.
The following list of four properties is utilised to distinguish the services, with industrial and professional
users grouped together:
• The target group (consumers industrial users or professional users)
• The local reach (local or global)
• Availability of an Application Programming Interface (API)
• Services rendered (design, 3D printing, marketplace, other)
Rayna and Striukova [348] based their exploratory study on the following list of services they identiőed. To
their original list of services, the Uniform Resource Locators (URLs) and information on their accessibility is
added.
• 3D Burrito – http://3dburrito.com – Pre-launch phase
• 3D Creation Lab – http://www.3dcreationlab.co.uk
• 3DLT – http://3dlt.com – Shut down on 31. December, 2015
• 3DPrintUK – https://www.3dprint-uk.co.uk
• Additer.com – http://additer.com – Unreachable
• Cubify Cloud –http://cubify.com – Acquired by 3D Systems, service is no longer available
• i.Materialise – https://i.materialise.com
• iMakr – http://imakr.co.uk
• Kraftwürx.com – http://www.kraftwurx.com
• MakerBot/Thingiverse – http://thingiverse.com
• MakeXYZ – https://www.makexyz.com
• Ponoko – https://www.ponoko.com
• Sculpteo – https://www.sculpteo.com
• Shapeways – http://www.shapeways.com
For the present thesis, the original selection is extended with the following list of services (Table 2.1).
Services omitted in this table are described in the original study.
Company/Service
Name
URL Classiőcation Established Location
3Faktur http://3faktur.
com
Modeling Service 2014 Germany
3DaGoGo https://www.
3dagogo.com
Marketplace 2013 USA
3DExport https://3dexport.
com
Marketplace, Reposit-
ory
2004 USA
3DHubs http://3dhubs.com Crowd Printing Pro-
vider
2013 USA
Continued on next page
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Table 2.1 – continued from previous page
Company/Service
Name
URL Classiőcation Established Location
3DPrinterOS https://www.
3dprinteros.com
Crowd Printing Pro-
vider
2014 USA
3DShook http://www.
3dshook.com
Marketplace, Sub-
scription Service
2014 Israel
3D Warehouse https://
3dwarehouse.
sketchup.com
Marketplace, Com-
munity, Repository
2006 USA
Autodesk 123D http://www.
123dapp.com
Software, Market-
place, Repository
2009 USA
Clara.io https://clara.io Repository, Modeling 2013 Canada
CreateThis http://www.
createthis.com
Marketplace 2013 USA
Cults https://cults3d.
com
Marketplace, Reposit-
ory, Design Service
2013 France
Grabcad https://grabcad.
com
Software, Market-
place, Repository
2009 USA
La Poste http://
impression3d.
laposte.fr
Print Provider, Mar-
ketplace
2013 France
Libre3D http://libre3d.
com
Marketplace, Reposit-
ory
2014 USA
Makershop https://www.
makershop.co
Marketplace, Reposit-
ory
2013 USA
Materŕow http://www.
materflow.com
Print Provider, Mar-
ketplace, Product Co-
Creation/Support
2013 Finland
MeltWerk https://www.
meltwerk.com
Print Provider - Subsidiary
of trinckle
MyMiniFactory https://www.
myminifactory.com
Crowd Printing Pro-
vider, Marketplace
2013 UK
NIH 3D Print Ex-
change
http://3dprint.
nih.gov
Co-Creation, Reposit-
ory
2014 USA
p3d.in https://p3d.in Modeling 2010 Denmark
Pinshape https://pinshape.
com
Marketplace 2014 Canada
REPABLES http://repables.
com
Repository 2013 USA
Rinkak https://www.
rinkak.com
Marketplace, Reposit-
ory, Crowd Printing
Provider
2014 Japan
shapeking http://www.
shapeking.com
Marketplace, Reposit-
ory
2012 Germany
Continued on next page
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Table 2.1 – continued from previous page
Company/Service
Name
URL Classiőcation Established Location
Shapetizer https://www.
shapetizer.com
Marketplace, Reposit-
ory, Print Provider
2015 China
Sketchfab https://sketchfab.
com
Marketplace, Reposit-
ory
2012 France
stlőnder http://www.
stlfinder.com
Search Engine 2013 Spain
STLHive http://www.
stlhive.com
Marketplace, Reposit-
ory, Design Service
2015 Canada
Stratasys Direct Ex-
press
https://express.
stratasysdirect.
com
Print Provider 2015 USA
Threeding https://www.
threeding.com
Marketplace, Print
Provider
2014 Bulgaria
Tinkercad https://www.
tinkercad.com
Design, Repository 2011 USA
Treatstock https://www.
treatstock.com
Marketplace, Com-
munity, Crowd
Printing Provider
2016 USA
trinckle https://www.
trinckle.com
Print Provider 2013 Germany
Trinpy https://www.
trinpy.com
Marketplace, Sub-
scription Service
2015 Australia
TurboSquid http://www.
turbosquid.com
Marketplace, Reposit-
ory
2000 USA
UPS https://www.
theupsstore.com/
print/3d-printing
Print Provider 2013 USA
Watertight https://
watertight.com
Marketplace 2015 USA
Yeggi http://www.yeggi.
com
Search Engine 2013 Germany
YouMagine https://www.
youmagine.com
Community, Reposit-
ory, Marketplace
2013 The Neth-
erlands
Table 2.1.: 3D Printing Platforms and Services Included in this Study
In contrast to the authors of the original work, for the present study no exhaustive list of such services is
provided. To produce an exhaustive list is deemed impractical; as a large number of local businesses offer 3D
printing services over the Internet and would, therefore, qualify to be included in such a list. These (local)
businesses often lack adequate representation on the Internet, and are hard to identify due to their limited
size and reach. In addition, an exhaustive list would need to contain 3D printing services and repositories of
which many similar and derivative services exist.
As an additional extension to the original study, the provisioning of an API by the respective service is
considered. An API should provide methods to use the service programmatically. With an API, such printing
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services can be used as a ŕexible production means in Cloud Manufacturing (CM) settings. The range of
functionality of such APIs can vary signiőcantly and range from the possibility of having a widget displayed
on a website with a 3D model viewer, to uploading and storing digital models in a repository, and requesting
quotes for manufacturing or digital fabrication. A commonality with these APIs is the requirement for the
third party user to have an account with the service, which is indicated in Table 2.2 by Implementer in the
column Required for registration. The indication User in this column indicates that the user must be
registered with this service too.
The implementer registration is intended for scenarios where the API is embedded in a service or website
that a third party user then uses. The őndings of the present study are presented in Table 2.2, where it
is stated whether the service provides an API and if it is publicly available or only accessible for business
partners. Business partners routinely require registration for the usage of the API. It is further analysed
what capabilities are provided by the API (see Table 2.3).
Company/Service Name Provides
an API
Required
for regis-
tration
Capabilities Reach Target Group
3Faktur No N/A N/A Regional Consumer
3DaGoGo No N/A N/A Global Consumer
3DExport No N/A N/A Global Consumer + Professional
3DHubs Yes Implementer
+ User
Upload Global Consumer
3DPrinterOS No N/A N/A Global Consumer
3DPrintUK No N/A N/A Global Consumer
3DShook No N/A N/A Global Consumer
3D Creation Lab No N/A N/A Global Consumer
3D Warehouse No N/A N/A Global Consumer
Autodesk 123D No N/A N/A Global Consumer
Clara.io Yes Implementer Upload,
Modify,
Retrieve
Global Consumer + Professional
CreateThis No N/A N/A Global Consumer
Cults Yes (not
public)
Implementer View, Re-
trieve
Global Consumer
Grabcad No N/A N/A Global Consumer + Professional
iMakr No N/A N/A Global Consumer
i.Materialise Yes Implementer Upload,
Quoting,
Order
Global Consumer + Professional
Kraftwürx.com Yes (not
public)
Implementer Upload,
Order
Global Consumer
La Poste No N/A N/A Regional Consumer
Libre3D No N/A N/A Global Consumer
MakerBot / Thingiverse Yes Implementer Upload,
Retrieve
Global Consumer
Makershop Yes Implementer Search, Re-
trieve
Global Consumer + Professional
Continued on next page
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Table 2.2 – continued from previous page
Company/Service Name Provides
an API
Required
for regis-
tration
Capabilities Reach Target Group
MakeXYZ Yes Implementer
+ User
Order Global Consumer + Professional
Materŕow No N/A N/A Global Consumer
MeltWerk Yes (not
public)
Implementer Upload,
Quoting
Global Consumer
MyMiniFactory No N/A N/A Global Consumer
NIH 3D Print Exchange Yes Implementer Upload,
Retrieve
Global Consumer
p3d.in No N/A N/A Global Consumer
Pinshape No N/A N/A Global Consumer
Ponoko No N/A N/A Global Consumer
REPABLES No N/A N/A Global Consumer
Rinkak Yes Implementer View, Or-
der, Mod-
eling
Global Consumer
Sculpteo Yes Implementer
+ User
Upload,
Retrieve,
Quoting,
Order
Global Consumer + Professional
shapeking No N/A N/A Global Consumer
Shapetizer No N/A N/A Global Consumer
Shapeways Yes Implementer
+ User
Upload,
Quoting,
Order
Global Consumer + Professional
Sketchfab Yes Implementer Upload,
View
Global Consumer
stlőnder No N/A N/A Global Consumer
STLHive No N/A N/A Global Consumer + Professional
Stratsys Direct Express No N/A N/A Regional Professional
Threeding No N/A N/A Global Consumer
Tinkercad No N/A N/A Global Consumer
Treatstock Yes Implementer Upload,
Retrieve
Global Consumer
trinckle No N/A N/A Global Consumer + Professional
Trinpy No N/A N/A Global Consumer
TurboSquid No N/A N/A Global Consumer + Professional
UPS No N/A N/A Regional Consumer
Yeggi Yes Implementer Search, Re-
trieve
Global Consumer
YouMagine Yes Implementer Upload,
Retrieve
Global Consumer
Continued on next page
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Table 2.2 – continued from previous page
Company/Service Name Provides
an API
Required
for regis-
tration
Capabilities Reach Target Group
Watertight No N/A N/A Global Consumer
Table 2.2.: 3D Printing Platforms and Services and their API
This explorative extension study is performed as described by the original authors.
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3Faktur + +
3DaGoGo + +
3DExport + +
3DHubs + +
3DPrinterOS + +
3DPrintUK + +
3DShook + +
3D Creation Lab +
3D Warehouse + +
Autodesk 123D + + +
Clara.io + + +
CreateThis + +
Cults + + +
Grabcad + + p +
iMakr + +
i.Materialise + + + + +
Kraftwürx.com + + + + +
La Poste + + + +
Libre3D + +
MakerBot /
Thingiverse
+ + p +
Makershop + +
MakeXYZ + + +
Materŕow + + + +
MeltWerk +
MyMiniFactory + + + +
NIH 3D Print
Exchange
+ +
Continued on next page
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Table 2.3 – continued from previous page
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p3d.in + + +
Pinshape + +
Ponoko +
REPABLES + +
Rinkak + + +
Sculpteo +
shapeking + +
Shapetizer + + +
Shapeways + + + +
Sketchfab + + +
stlőnder
STLHive + + +
Stratsys Direct
Express
+ p
Threeding + + +
Tinkercad + + o +
Treatstock + + + + +
trinckle +
Trinpy + +
TurboSquid + +
UPS +
Watertight + +
Yeggi + +
YouMagine + + o p
Table 2.3.: Categorisation of 3D Printing Online Platforms
As analysed in Table 2.3, each of the services surveyed offer a range of different services. No provider
could be identiőed that offers a complete set of services for 3D printing and related tasks. In the table, the
indication p marks companies that do not themselves offer printers through this service but their parental
companies do. The o character in the column for printing service for Tinkercad and YouMagine indicates
that the service itself does not render printing services, but has a cooperation with a third party for the
provisioning of this service. The + indicates the respective service categorisation. The services can be
categorised into multiple categories. With the exception of La Poste, UPS and iMakr all the services render
their businesses completely on the Internet without the requirement for physical interaction. La Poste and
UPS offer an Internet interface with the physical delivery of the objects in a number of their shops. Services
that offer a design market place can offer designs and other őles costless or for a fee, with no distinction
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made in the present study. Yeggi and stlfinder are search engines for 3D model data that work on data
from other sources. Albeit a search engine, Yeggi provides the integration of printing services and cloud 3D
printing services for models available from third party services, thus Yeggi can be classiőed as a service of
services. The service rendered by Trinpy is subscription based with various membership options.
Grabcab provides 3D printing planning and control services, and integration with an online editor.
The listed services inŕuenced the creation of the service described in Chapter 5. Services of this sort are
also intended to be utilised from within the proposed service as third party 3D printing providers as an
alternative to the utilisation of one’s own resources.
2.2 Related Work
In the following section, related studies to topics in this thesis are discussed. For the speciőc contributions,
research pertaining to the respective problem is presented separately. This twofold presentation of related
work is intended to provide a general overview and a specialised research environment for the speciőc problem
that is solved by the corresponding contribution.
2.2.1 Research on 3D Printing
Following the distinction between AM and 3D printing given in the deőnition of 3D printing (see Section 2.4)
by some authors into high-quality professional or industrial usage and lower-quality end-user or semi-
professional usage, 3D printing should not be part of CM. For this section, this strict distinction is relaxed,
and the terms are used as synonyms. With the relaxed terminology, technological development is surveyed.
Technological progress and development are essential to the widespread use and application of 3D printing or
AM in the CM paradigm.
In a short article by Hansen et al. [181], the authors propose a measurement method for the correction
or calibration of FDM 3D printers. For this purpose, the authors develop a measurement plate that is 3D
printed with speciőed parameters. In their experiment, the authors recorded roundness errors of up to 100 µm.
The calibration could not be applied due to the 3D printer control software being closed-source.
Anitha et al. [21] analyse the process variables layer thickness, bead width and deposition speed for their
inŕuence on the quality of objects manufactured using FDM. The authors found that the layer thickness
contributes approximately 50 % to the surface roughness of the manufactured objects.
Balogun et al. [38] describe an experiment on the energy consumption and carbon footprint of 3D
printed models using FDM technology. They deőne a specimen of 9000 mm3 volume which is 3D printed on
a Stratasys Dimension SST FDM and two other FDM type 3D printers. Their experiment also captures the
energy consumption of post processing with an ultrawave precision cleaning machine. The energy consumed
for the 3D print is approximately 1 kWh. Over 60 % of the energy is consumed in non-productive states,
e. g., pre-heating. This energy consumption proőle warrants high utilisation of 3D printers when aiming for a
low ecological impact and penalises frequent and long idle times of the 3D printer.
Brajlih et al. [87] propose a comparison method for the speed and accuracy of 3D printers. As a basis, the
authors introduce properties and capabilities of 3D printers. A test-object designed by the authors is utilised
to evaluate the average manufacturing speed of an Objet EDEN330 Polyjet and 3D Systems SLA3500 SLA
manufacturing machine in an experiment. Furthermore, the experiment includes an EOS EOSINT P385 SLS
and Stratasys Prodigy Plus FDM machine. The experiment concludes that the SLS machine is capable of the
highest manufacturing speed (approximately 140 cm3/h). In the experiment, the angular and dimensional
deviations are signiőcant (up to 2.5° for a 90° nominal and 0.8 mm for a 10 mm nominal).
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Roberson et al. [356] develop a ranking model for the selection of 3D printers based on the accuracy, surface
roughness and 3D printing time. This decision-making model is intended to enable consumers and buyers of
such hardware to select the most appropriate device.
Utela et al. [430] provide a review of the literature related to the development of new materials for powder
bed based 3D printing systems. They decompose the development into őve steps, for which they provide
information on the relevant literature.
Brooks et al. [88] perform a review of the history and business implications of 3D printing. They argue
that the most promising approach for companies to beneőt from 3D printing technology is to invest in and
adapt current business models to support supplementary 3D printing for the users. They also present the
importance of the Digital Millennium Copyright Act (DMCA) in the USA under the aspect of 3D printing for
current and upcoming businesses and services.
Bogue [76] aims to provide an introduction into 3D printing with his review. The historical development of
the various 3D printing technologies is presented, and furthermore, applications with examples are explored.
Petrick and Simpson [330] compare traditional manufacturing, which they classify as ‘economy of scale’,
with AM. AM is classiőed by the authors as ‘economy of one’. They base their future hypotheses on the
traditional design-build-deliver model and current patterns in supply chains from which they draw a logical
conclusion for future developments. These hypotheses are sparsely supported by the literature. They predict
that, in the future, the boundaries between the design-build-deliver paradigm will be less clear and that
design and production will be closely coupled with experiments. One obvious prediction is that the supply
chains will get shorter and production will be more localised both geographically and in regards to time
planning.
Matias and Rao [283] conduct an exploratory study on the business and consumer markets of 3D printing.
This study consists of a survey-based component of consumers within the area of 3D printing with a sample
size of 66 participants that was conducted in 2014. One of their őndings regarding consumers is the willingness
of 45 % of participants to spend only $US 299 on this technology. They also discovered that a large number
of consumers are not proőcient with the technology and the required software. This őnding was supported
by őve interviews conducted with business persons from őve different companies. Their interviewees also
expressed concerns that there will not be a mass market for 3D printing within the next őve to ten years.
2.2.2 Research on Rapid Manufacturing
In contrast to Rapid Prototyping (RP), the goal of Rapid Manufacturing (RM) is the creation of parts and
objects directly usable as end-products or part of end-products. To achieve this usability, the requirements
for the quality of the parts is higher, therefore quality control and quality assurance are stricter.
Hopkinson and Dickens [191] provide őndings on a cost analysis for the manufacturing of parts for traditional
manufacturing and AM. The authors identify the current and potential future beneőts of RM as the ability
to manufacture with less lead-time, increased geometric freedom, manufacture in distributed environments
and potentially the use of graded material for production. The authors compared the costs incurred for
the creation of two objects with Injection Moulding (IM), SLA, FDM and SLS. For IM, the tool costs are
high (27360e and 32100e) whereas the unit costs are low (0.23e and 0.21e). In their calculation, the
equilibrium for the cost of IM and SLS for one of the objects is approximately 14000 units and for the other
part is approximately 600 units. This őnding validates RM for certain low-volume production scenarios.
Ruffo et al. [367] also present a cost estimation analysis, which is an extension and update to the previous
work. The authors calculated a much lower utilisation of the machines (57 % compared to 90 %), higher labour
costs as well as production and administrative overhead costs. Furthermore, the authors took other indirect
costs like ŕoor/building costs and software costs into consideration. The authors calculated a higher unit cost
for the object (3.25e compared to 2.20e), and a non-linear costing function due to partial low-utilisation
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of the 3D printing resources, which is due to incomplete rows for unit counts not being equal or multiple
of maximum unit packing. The comparison of these two works illustrates the necessity to use the most
up-to-date and complete models for costing estimations.
Ituarte et al. [216] propose a methodology to characterise and assess AM technologies, here SLS, SLA,
and Polyjet. The methodology proposed is an experimental design for process parameter selection for object
fabrication. The authors őnd that surface quality is the hardest quality to achieve with AM and might not
suffice for RM usage with strict requirements. Such an analysis is of value to assess the feasibility of certain
manufacturing methods in RM scenarios.
In a review by Karunakaran et al. [230], the authors survey and classify technologies capable of manufacturing
metallic objects for RM. The technologies surveyed are Computer Numeric Control (CNC)-machining,
laminated manufacturing, powder bed processes, deposition processes, hybrid processes and rapid casting.
The authors develop different classiőcation schemes for RM processes based on various criteria, e. g., material
or application. Furthermore, the authors compiled a list of RM process capabilities to be applied for the
selection of appropriate RM processes.
Simhambhatla and Karunakaran’s [385] survey builds strategies for metallic objects for RM. The authors
focus on the issues of overhangs and undercut structures in metallic AM. The work concludes with a
comparative study on the fabrication of a part using CNC-machining and a Hybrid Layered Manufacturing
(HLM) method. With the hybrid approach, the authors build the part in 177 minutes compared to 331 minutes
at a cost of 13.83e compared to 24.32e.
Hasan et al. [184] present an analysis of the implications of RM on the supply chain from a business
perspective. For this study, the authors interviewed ten business representatives and six RP or RM service
providers. The authors propose both reverse auctioning as well as e-cataloguing as modes for business
transactions.
With rapid changing production the need arises for rapid őxture design and fabrication for the RM provider
itself. This issue is discussed by Nelaturi et al. [309], as they propose a mechanism to synthesise őxture
designs. The method analyses the models to be manufactured and supported by őxtures as Stereolithography
(őle format) (STL) őles for possible őxture application areas. The algorithm furthermore calculates possible
őxture positions and inŕicting forces. The authors select existing őxtures from in-house or online catalogues
of őxtures for the application.
Gupta et al. [180] propose an adaptive method to slice model őles of heterogeneous objects for the use with
RM. For this, the authors decompose the slicing process into three phases (Slicing set up, Slices generation
and Retrieving data). The work also surveys other existing slicing techniques for various optimisation goals,
e. g., quality, computing resources or part manufacturing time. For the extraction of geometric and material
information, the authors utilise a relational database for efficient storage, and őnd that by utilising the
appropriate slicing technique, the fabrication time can be reduced by up to 37 %.
Hernández et al. [187] present the KTRM (Knowledge Transfer of Rapid Manufacturing) initiative that is
created to improve training and knowledge transfer regarding RM in the European Union. For the requirement
analysis of such a project, the authors conducted a study with 136 participants of which the majority (70 %)
are Small and Medium Sized Enterprises (SMEs). Such training initiatives are beneőcial to the growth in
application and increased process maturity as the authors őnd that the knowledge of RM is low; however,
the perceived beneőts of this technology include higher quality parts, lower time to markets and increased
competitiveness.
In the chapter by Paul et al. [324], the authors provide a thorough overview about laser-based RM. The
authors discuss classiőcations of such systems as well as the composition of these systems in general. Process
parameters are presented and located in the literature. Furthermore, the authors discuss materials available
for this class of RM and its applications. This work is a comprehensive overview, covering all relevant aspects
of the technology, including monitoring and process control.
44
2.2 | Related Work
2.2.3 Research on Manufacturing-as-a-Service
Service orientation regards capabilities as services that can be consumed. Such a class of services is the
manufacturing of products. As a consumer of such a service, one is not necessarily interested in the process of
manufacturing (e. g., what type of machine is used) or the location of manufacturing as long as a pre-agreed
list of qualities of the end-product is complied with. As an example it can be said that a user wants two
parts made from a certain metal, within a certain tolerance, certain properties regarding stress-resistance and
within a deőned period. The input of this service would then be the Computer Aided Design (CAD) model
and the properties that must be fulőlled. The parts could then be either milled or 3D printed in any part of
the world and then shipped to the user. The user must pay for the service rendered, i. e., the manufacturing
of objects, but is not involved with the manufacturing itself as this is performed by a service provider. In the
seventh EU Framework Programme, the project ManuCloud [148] was funded that consolidated research on
this topic. In this section, current research articles on the subject are presented, to illustrate the concept of
Manufacturing-as-a-Service (MaaS), its role for CM and its applications.
Tao et al. [410] propose an algorithm for a more efficient service composition optimal-selection in CM
systems. Their proposed method is named FC-PACO-RM (full connection based parallel adaptive chaos
optimisation with reŕex migration), and it optimises the selection of manufacturing resources for the quality
properties of time, cost, energy, reliability, maintainability, trust and function similarity. In an experiment,
they prove that their implementation performs faster than a genetic algorithm (GA), which is an adaptive
chaos optimisation algorithm for the objectives of time, energy and cost, but not for the objective of reliability.
Veiga et al. [441] propose a design and implementation for the ŕexible reconőguration of industrial robot
cells with SMEs in mind. These robot cells are mostly reconőgurable by design but with high barriers for SMEs
due to the requirement of experts. The system proposed enables an intuitive interface for reconőguration of
the cells to enhance the ŕexibility of manufacturing. The implementation draws heavily on Selective Laser
Melting (SLM) concepts. The implementation supports the ŕexible orchestration of robotic cells as services.
Zhang et al. [487] provide an introduction into the paradigm of CM. Within this work, the authors discuss
issues arising from the implementation and the architecture itself. The authors present the decomposition of
this paradigm into its service components, that are ‘Design-as-a-Service (DaaS), manufacturing as a service
(MFGaaS), experimentation as a service (EaaS), simulation as a service (SIMaaS), management as a service
(MANaaS), maintain as a service (MAaaS), and integration as a service (INTaaS)’. The authors implement
such a CM system as a prototype for evaluation and discussion.
Moghaddam et al. [296] present the development of MaaS and its relationship to the concepts of CM,
Cloud-Based Design and Manufacturing (CBDM) and others. The authors propose SoftDiss [384] as an
implementation platform for CM systems.
Van Moergestel et al. [435] analyse the requirements for, and propose an architecture for, a manufacturing
system that enables low-volume and low-cost manufacturing. The authors identify customer requirements for
low-volume and ŕexible production of products as a driver for the development of the CM concept or other
MaaS implementations. The architecture relies on cheap reconőgurable production machines (equiplet). For
the implementation of the system, the authors utilise open source software like Tomcat and have a strong
focus on the end-user integration via Web technology.
Sanderson et al. [371] present a case study on distributed manufacturing systems, which the authors label
Collective Adaptive Systems (CAS). The example in their case study is a manufacturing plant by the company
Siemens in the UK that is part of the ‘Digital Factory’ division. The authors present the division, structure
and features of the company which is compared to CAS features. Among the identiőed challenges, the authors
list physical layout, resource ŕow through supply chains and hierarchical distributed decision-making.
For the integration of MaaS (which is called Fabrication-as-a-Service (FaaS), in their work) into CM, Ren
et al. [351] analyse the service provider cooperative relationship. Such a cooperation of MaaS/FaaS providers
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within a CM system is essential for the task completion rate and service utilisation as demonstrated by the
authors in an experiment.
Guo [178] proposes a system design method for the implementation of CM systems. Within this work, the
MaaS layer of the CM system is further divided into ‘product design, process design, purchasing, material
preparing, part processing and assembly and marketing process’. In the generalised őve-layer architecture for
the implementation of CM systems, the MaaS is located in the őfth layer.
Yu and Xu [483] propose a cloud-based product conőguration system for the implementation of CM systems.
Such systems interface with the customer enables them to conőgure or create products for ordering. Within
a CM such a system can be employed to prepare objects that can be manufactured directly utilising MaaS
capabilities. In the implementation within an enterprise, the authors utilise the Standard for the Exchange of
Product model data File Format (STEP) őle format for information exchange.
2.2.4 Research Implications
From the provided literature, the following open research questions are be identiőed for future study. The
listing compiled is non-exhaustive due to the nature of scientiőc research.
Bourell et al. [83] provide a report on the ‘Roadmap for Additive Manufacturing’ workshop that occurred
in 2009 and resulted in a proposal for research for the upcoming 10 to 12 years. The recommendations are
grouped into a) Design; b) Process Modelling and Control; c) Materials, Processes and Machines; d) Biomedical
Applications; e) Energy and Sustainability Applications; f) Education; g) Development and Community and
h) National Testbed Center.
The recommendations include the proposal to create design methods for aiding designers with AM, creation
of closed-loop 3D printing systems and the design and implementation of open-architecture controllers for
AM fabricators.
The authors reŕect on their proposed roadmap in an article [84] őve years later. In this analysis, the
authors state that the direct inŕuence of the Roadmap is hard to quantify. The authors remark that the
report is referenced approximately 50 times in scientiőc literature; however, only one project can be clearly
attributed to the Roadmap.
Lan [253] identiőes the following four tasks for future research in his review: a) Combination of Web
services and software agents; b) Collaborative network environment with the focus on integration and
interoperability; c) Focus on Web technology integration in RM systems and d) Collaborative product
commerce and collaborative planning and control.
In a review by Fogliatto et al. [146] on MC, the authors identify the following research needs: a) Research
on RM to support MC; b) Research on the value of MC for consumers as well as environmental, economic
and ethic value; c) Research on quality control; d) Research on warranty for MC objects and e) Case studies
and empirical validation.
Khan and Turowski [233] perform a survey on challenges in manufacturing for the evolution to Industry
4.0. The authors identify six current and future challenges: a) Data integration (Internet of Things (IoT),
Big-Data, real-time data, data management); b) Process ŕexibility (adaption, change management); c) Security
(Connectivity, monitoring, compliance); d) Process integration within and across enterprise; boundaries
(integrated processes, logistics, optimisation); e) Real-time information access on hand-held devices (Web
technology, Enterprise-Resource Planning (ERP) integration) and f) Predictive maintenance (machine data,
sensors).
Among the research needs identiőed by Adamson et al. [8] in their review, are the following: a) Capabilities,
information and knowledge integration and sharing as well as cloud architectures; b) Deőnitions and standards
for CM; c) Intelligent, ŕexible and agile, distributed monitoring and control systems; d) Business models;
e) Intellectual properties and f) Cost, security and adoption of CM systems.
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Furthermore, the authors identify and predict a) The emergence of cloud service providers, b) Real world
connectivity (IoT), c) New collaboration and cooperation scenarios (customer-manufacturer and manufacturing
collaboration), d) Increased competitiveness, e) Cloud closed-loop manufacturing, f) Manufacturing of feature
function blocks and g) Increased awareness and research on sustainable operations.
In the work by Oropallo and Piegl [319] the authors speciőcally researched and compiled ten challenges in
current AM systems that require research. The challenges are: a) Shape optimisation (cellular structures
and topology optimisation); b) Design for 3D printing (software support, design methodology); c) Pre-
and postprocessing (őle formats, model preprocessing, part postprocessing); d) 3D printing methodologies
(layered manufacturing, voxel and digital material, non-layer oriented methods); e) Error control (before and
during 3D printing); f) Multi material 3D printing (modelling and manufacturing support); g) Hardware and
maintenance issues (process and material based issues); h) Part orientation; i) Slicing (adaptive and direct
slicing) and j) Speed
Wu et al. [466] explicitly identify the following research needs for the evolution of CM: a) Cloud Based
Manufacturing (modeling and simulation of material ŕow, concurrency and synchronisation for scalability);
b) Cloud-Based Design (social media integration and leveraging, CAx convergence and cloud enablement)
c) Information, communication, and cyber security (IoT, Security-as-a-Service) and d) Business model.
The work by Huang et al. [202] examines the state of the art of AM and names the following research
areas for future investigation: a) Materials; b) Design (methods and tools, complex geometries, lifecycle cost
analysis); c) Modeling, sensing, control, and process innovation (multi-scale modelling simulation, error and
failure detection, optical geometry reconstruction, faster hardware, 3D bio-printing); d) Characterization and
certiőcation and e) System integration and cyber implementation (knowledge management integration, cloud
based systems).
The aims stated for this thesis and the problems identiőed herein, are in accordance with the research
implications identiőed in the literature.
2.3 Sources
The present thesis is based on scientiőc literature acquired through the respective publishers and searched
for using the following őve search engines:
• Google Scholar [168]
• SemanticScholar [16]
• dblp [293]
• Web of Science [418]
• ProQuest [336]
Microsoft Academic Search [294] is not used for the search as the quality and numbers of results are
unsatisfactory. Scopus [134] is also not used for the literature search, because there is no subscription available
for the institution where this work was conducted.
As a search engine for scientiőc literature, Google Scholar yields the most results; however, there is a high
degree of unrelated or otherwise unusable sources, similar to the Google search engine [167] itself.
Results from patents and citations are excluded from the result set for Google Scholar.
SemanticScholar offers a responsive interface, which allows automated querying through JavaScript Object
Notation (JSON), to ‘millions’ of articles 1 from computer science, which is a statement that cannot be veriőed
1https://www.semanticscholar.org/faq#index-size
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as articles from other domains can also be found here. The dblp project indexes over 3333333 publications 2
from computer science that are very high quality. Web of Science provides an index of a large number (over
56 million) of scientiőc works 3. The entries in the index are of high quality. ProQuest contains over 54
million entries in its corpus, among which are historical news articles and theses 4. The quality of the results
is high. ProQuest and Web of Science are subscription-based services.
2.4 Terminology
In general, the usage of the terminology within this őeld is very inconsistent. Commonly and colloquially
the terms 3D printing and AM are used as synonyms. Analysing the prevalence of either of these terms, it is
found that 3D printing is slightly more prevalent for results in scientiőc literature with 68164 results for
the sources described in Section 2.3 during 2002–2016. In the same period, there are over 59506 results for
the term Additive Manufacturing. SemanticScholar provided signiőcantly more results (7072 compared
to 1211) for 3D printing and Web of Science yielded almost four times the number of results for Additive
Manufacturing over 3D printing (1956 results compared to 578). There is also no clear trend in the usage
of either term. With this section, this situation is exempliőed, and current deőnitions throughout literature
and standards are presented.
Furthermore, a critique to the prevalent deőnitions is formulated.
2.4.1 Definitions of Additive Manufacturing and 3D Printing
In this section, established deőnitions for AM, 3D printing and related terminology are presented as it is
shown in literature and standards.
2.4.1.1 Definitions of Additive Manufacturing
AM is most often regarded as an umbrella term for technology and methods for the creation of objects
from digital models from scratch. In literature, the term (3D printing) process is often used to denote a
speciőc manufacturing technology, e. g., FDM or SLA. In this tract, the term process is used to describe the
series of actions performed to achieve the fabrication of a physical object.
Deőnition 2.1 (3D Printing Process)
A series of actions performed to achieve the fabrication of a physical object from a digital model. The 3D
printing process involves a 3D printer.
Additive Manufacturing is usually in contrast to subtractive and formative methods of manufacturing as
deőned in the DIN Standard 8580 [122]. It is also commonly a synonym for 3D printing.
Gibson et al. [162] deőne AM as: ‘[...] the formalised term for what used to be called rapid prototyping and
what is popularly called 3D Printing. [...] Referred to in short as AM, the basic principle of this technology is
that a model, initially generated using a three-dimensional Computer-Aided Design (3D CAD) system, can be
fabricated directly without the need for process planning. [...] ’.
Gebhardt [155] deőnes AM as: ‘Als Generative Fertigungsverfahren werden alle Fertigungsverfahren
bezeichnet, die Bauteile durch Auf- oder Aneinanderfügen von Volumenelementen (Voxel’n), vorzugsweise
schichtweise, automatisiert herstellen’, which translates to ‘As generative/additive manufacturing processes
all production processes are referred that produce components automatically by the deposition of volume
elements (Voxels), preferably layer-wise’.
2News from 2016-05-03: ‘Today, dblp reached the wonderful Schnapszahl of 3,333,333 publications’
3A search for publications with its publication date between 1700 and 2100 yields 56998216 results
4A search for publications with its publication date after 1700 yields 54266680 results
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The VDI directives VDI 3404 (Version 2009 [438] and 2014 [439]) deőne additive fabrication as: ‘[...]
manufacturing processes which employ an additive technique whereby successive layers or units are built up to
form a model ’.
The 2009 directive ‘VDI-Richtlinie: VDI 3404 Generative Fertigungsverfahren - Rapid-Technologien (Rapid
Prototyping) - Grundlagen, Begriffe, Qualitätskenngrößen, Liefervereinbarungen’ and the 2014 directive
‘VDI-Richtlinie: VDI 3404 Additive Fertigung - Grundlagen, Begriffe, Verfahrensbeschreibungen’ are both
currently in retracted states.
The also retracted ASTM Standard F2792-12a [27] ‘Standard terminology for additive manufacturing
technologies’ deőnes AM as ‘A process of joining materials to make objects from 3D model data, usually layer
upon layer, as opposed to subtractive manufacturing methodologies’ with the following synonyms listed ‘additive
fabrication, additive processes, additive techniques, additive layer manufacturing, layer manufacturing, and
freeform fabrication.’.
Bechthold et al. [63] deőne AM as: ‘The terms additive manufacturing (AM) and 3D printing describe
production processes in which a solid 3D structure is produced layer by layer by the deposition of suitable
materials via an additive manufacturing machine’.
Thomas and Gilbert [416] deőne AM as: ‘[...] the process of joining materials to make objects from
three-dimensional (3D) models layer by layer as opposed to subtractive methods that remove material. The
terms additive manufacturing and 3D printing tend to be used interchangeably to describe the same approach
to fabricating parts. This technology is used to produce models, prototypes, patterns, components, and parts
using a variety of materials including plastic, metal, ceramics, glass, and composites’
Klocke [239] deőnes AM as: ‘Generative Verfahren: Diese Verfahrensgruppe umfasst alle Technologien, mit
denen eine aufbauende, schichtweise Fertigung von Bauteilen realisiert wird. Sie werden auch als Additive
Manufacturing Technologies oder als Layer based Manufacturing Technologies bezeichnet. Zum Herstellen der
Schichten wird häufig Laserstrahlung verwendet. [...] ’,
which translates to ‘Generative Processes: This process group contains all technologies, with which an
additive, layer-wise generation of parts is realised. They are also referred to as additive manufacturing
technologies or layer based manufacturing technologies. For the creation of the layers oftentimes laser emission
is used. [...]’
Gao et al. [152] use the term AM and 3D printing synonymously: ‘Additive manufacturing (AM), also
referred to as 3D printing, [...] ’.
Sames et al. [370] also use the term AM and 3D printing synonymously: ‘Additive manufacturing (AM),
also known as three-dimensional (3D) printing, [...] ’.
Lachmayer and Lippert [251] deőne AM as: ‘Das Additive Manufacturing (AM), als Überbegriff für das
Rapid Prototyping (RP), das Rapid Tooling (Rapid Tooling (RT)), das Direct Manufacturing (DM) und
das Rapid Repair (RR) basiert auf dem Prinzip des additiven Schichtaufbaus in x-, y- und z-Richtung zur
maschinellen Herstellung einer (Near-) Net-Shape Geometrie’, which translates to ‘Additive manufacturing
as an umbrella term for Rapid Prototyping (RP), Rapid Tooling (RT), Direct Manufacturing (DM) and
Rapid Repair (RR) is based on the principle of the additive layer fabrication in x-, y- and z-direction for the
fabrication of a (near-) net-shape geometry by machines’.
The ISO/ASTM Standard 52900:2015(E) [215] deőnes AM as: ‘process of joining materials to make parts
(2.6.1) from 3D model data, usually layer (2.3.10) upon layer, as opposed to subtractive manufacturing and
formative manufacturing methodologies’.
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2.4.2 Definitions of 3D Printing
According to Gebhardt [155], 3D printing is a generic term that is synonymous with AM and will replace
the term AM in the future because of its simplicity. Bechtholdt et al. [63] use the terms 3D printing and AM
synonymously as umbrella terms for technologies and applications. In the VDI directive [440], the term 3D
printing is applied for a certain additive process; however, it is acknowledged that it is generally used as a
synonym for AM.
The ASTM Standard F2792-12a (retracted) deőnes 3D printing as ‘The fabrication of objects through
the deposition of a material using a print head, nozzle, or another printer technology’; however, it also
acknowledges the common synonymous use of this term for AM, mostly for low-end quality and price
machines.
Gibson [162] uses the term 3D printing for the technology invented by researchers at MIT [368]; however,
he also acknowledges that it is used synonymously for AM and will eventually replace the term AM due to
media coverage.
The ISO/ASTM Standard 52900:2015(E) [215] deőnes 3D printing as: ‘fabrication of objects through the
deposition of a material using a print head, nozzle, or another printer technology’.
It is also noted in this standard that the term 3D printing is often used as a synonym for AM, mostly in
non-technical contexts. Furthermore, it is noted that 3D printing is associated with low price and capability
machines.
2.4.3 Definitions of Rapid Prototyping
Rapid Prototyping is also used as a synonym for 3D printing and AM which warrants the examination of
the available deőnitions of this concept.
In Hopkinson and Dickens [190], RP is deőned as ‘[...] a group of commercially available processes which
are used to create solid 3D parts from CAD, from this point onwards these processes will be referred to as
layer manufacturing techniques (LMTs)’.
The VDI directive 3405 deőnes RP as: ‘Additive fabrication of parts with limited functionality, but with
sufficiently well-defined specific characteristics’.
Weber et al. [456] deőne RP as: ‘Early AM parts were created for the rapid prototyping market and were
first employed as visual aids and presentation models. Many lower cost AM systems are still used in this
way ’.
2.4.4 Definitions of Rapid Manufacturing
As RM is also used as a synonym for AM and 3D printing, the following deőnitions are presented.
Hopkinson et al. [192] deőne RM as: ‘the use of a computer aided design (CAD)-based automated additive
manufacturing process to construct that are used directly as finished products or components’
Previously, Hopkinson and Dickens [190] deőned RM as: ‘Rapid manufacturing uses LMTs for the direct
manufacture of solid 3D products to be used by the end user either as parts of assemblies or as stand-alone
products’.
The VDI directive 3404 Version 2009 [438] deőnes RM as: ‘Additive fabrication of end products (often also
described as production parts). Characteristics: Has all the characteristics of the end product or is accepted by
the customer for “series production readiness”. Material is identical to that of the end product. Construction
corresponds to that of the end product ’.
The VDI directive 3405 [440] deőnes RM as a synonym for direct manufacturing, which is deőned as:
‘Additive fabrication of end products’.
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2.4.5 Synonyms for Additive Manufacturing
As with the previous deőnitions for AM, RP, RM and 3D printing there is no consensus on the terminology
for synonyms of AM in general. The following six synonyms are present in the literature and are used in
existing works:
1. Direct layer manufacturing or layer manufacturing or additive layer manufacturing
2. Direct digital manufacturing is a synonym for rapid manufacturing [162]
3. solid freeform fabrication (SFF), three dimensional printing [456]
4. 3D printing, additive techniques, layer manufacturing, and freeform fabrication [305]
5. Additive fabrication, additive processes, additive techniques, additive layer manufacturing, layer
manufacturing, and freeform fabrication [27]5
6. ‘The technical name for 3D printing is additive manufacturing [...]’ [262]
2.4.6 Critique on the Terminology
The existing deőnitions fail in their focus on the layer-wise creation of objects because technologies such as
LENS and multi-axis (n > 3) are not bound and deőned by a layer structure but can be regarded as a form
of AM as they create objects based on 3D CAD models from scratch without any of the characteristics of
traditional subtractive or formative fabrication methods.
Through a systematic decomposition of the existing deőnitions of AM, it can be concluded, that the basic
commonality of AM can be described as the creation of a physical object from a digital model by a machine.
Furthermore, in this work, it is proposed that the term AM be used as an umbrella term that signiőes
industrial, commercial or professional application and usage, whereas 3D printing is to be colloquially used
for technologies and methods for the creation of physical objects from 3D (CAD) models in other situations.
For the actual building machines of additively manufactured parts, it is recommended that the terms AM
fabricator or 3D printer be used as synonyms. The őrst term describes the functionality in a precise way and
the second term is commonly utilised and understood by a broad audience.
2.5 Chapter Summary
In this chapter, an introduction to the concept of 3D printing was provided. Following this introduction, the
3D-PP was explained. With related work, this thesis was positioned with current research and its foundation
was laid. The research questions brought forward provide further justiőcation for the work provided within
this thesis. With the discussion on the terminology pertaining to 3D printing and AM, it was shown that this
area is lacking consensus in terminology. The critique on the terminology is aimed at providing justiőcation
for the terminology used within this thesis.
5Also https://wohlersassociates.com/additive-manufacturing.html
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Storage Data Format for 3D
Printing and Software Analysis
In this őrst chapter, a uniőed storage őle format is introduced, which is used for the following contribution
in this thesis. The őle format aims to enable the storage of 3D printing related information in one single
location for the ease of use and exchange of information, i. e., collaboration, between users. Furthermore, the
analysis of slicing software on quality of the resulting object is performed. Slicing software requires input
from the user, which is information to be stored in the uniőed storage őle format so that, in retrospect, the
parameter selection can be assessed and improved upon.
3.1 Unified Storage File Format for Additive Manufacturing
This section investigates the different types of information created throughout the Additive Manufacturing
(AM) Product Development Process (PDP), how it can be stored and retrieved efficiently, and how the format
can be deőned so that it is extensible for future cases. The aim of this research is to develop a meta-őle
format that aids in aggregating all relevant data for the creation of objects fabricated or prototyped using
AM, without replacing or substituting existing őle formats.
3.1.1 Introduction
This section is based on the publication Baumann, Eichhoff and Roller ‘Uniőed Storage File Format
for Additive Manufacturing’, in the Proceedings of the 2nd International Conference on Progress in Additive
Manufacturing, 2016 [42].
The author developed the core concept, performed the initial implementation, formulated the manuscript
and presented the work.
In this őrst contribution to the thesis, the development and concepts related to a uniőed storage őle
format for the application in AM is presented. Throughout the 3D Printing Process (3D-PP), models and
őles are transformed from and to a number of different őle formats, with information, e. g., accuracy, being
lost and other information, e. g., material selection or process parameters, being added. Currently, there is
no support for the traceability of information and objects throughout the 3D-PP. With this contribution,
support for the aggregation and trace of data, models and information is provided. This work helps to
enable the user to communicate, collaborate and cooperate on 3D printing. Data aggregated within this őle
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format can be shared among users and reviewed at later stages for improvements on the printing process,
e. g., by identifying optimal process parameters.
3D printing or AM is the process of creating physical objects from digital models by layer-wise material
deposition or hardening [245]. AM technologies differ in the capabilities of materials that can be processed and
in the quality and speed of processing. Those fabrication methods commonly use a model data representation
that is reduced in the geometrical complexity of the original Computer Aided Design (CAD) model by
transforming it into tessellated structures. A common őle format for this is Stereolithography (őle format)
(STL), where the geometry is reduced to triangles represented by three points and a normal vector to indicate
orientation. The slicing software calculates a tool path for each layer within the given parameters of, in the
case of Fused Deposition Modeling (FDM), inőll-density, őlling-pattern, hull strength and other parameters
such as movement and extrusion speed and retraction length for movement between non-connected parts
of the layer. These parameters selected for the slicing process are partly non-retrievable from the resulting
machine code but can be relevant in investigating possible failures or improving on the parameter selection
for optimal 3D printing. In general, the process (see Figure 1.2, Chapter 1) of AM can be split into őve steps
as follows:
1. Design – The creation of a CAD model by utilising CAD software or reverse engineering an existing
object. With this step, information of the AM technology employed, its capabilities and limitations,
the desired features (e. g., quality, structure) and design choices are imbued on the model.
2. Positioning – The object model is placed in a virtual build environment for further processing. For
this step, a position is chosen amongst multiple optimisation goals (e. g., machine utilisation, processing
duration, quality and stability).
3. Slicing – Transformation of the oriented virtual object from the previous steps into a machine tool
path or machining instructions for processing by the 3D printer. In this step, additional information on
the desired result is selected that inŕuences the resulting machine code and, therefore, the object that
is to be manufactured.
4. 3D Printing and 3D Printing Supervision – The previously created machine code is uploaded to
the 3D printer, where it is executed upon. Consumer-grade 3D printers, in particular, do not possess any
form of direct control, resulting in the 3D printer executing the machine-program by the instructions,
even in the case of errors and failures.
5. Post Processing and Quality Assurance.
Currently, information from each processing step is stored in artefacts such as CAD őles, build őles, log
őles and sensor logs. These artefacts are usually not connected and lack a method that can be utilised for
analysis or data mining as they are dispersed. Information required for each process step is not transported
along the process in a standardised way and requires expert knowledge of the 3D-PP for successful object
creation. With this contribution, a őle format that is capable of aggregating all the information along the
3D-PP is proposed. The intention of this aggregation is to aid future analysis and documentation purposes.
For this work, the following two research questions are set:
1. What kind of data is being generated in the 3D-PP and at which step?
2. How can the produced data along the 3D-PP be stored efficiently, thus enabling later retrieval and
usage?
For the őrst question, each step in the 3D-PP is analysed. For each step, the software that is required and
artefacts that are being consumed, or created therein, are identiőed. For the second question, a data storage
format, based on Extensible Markup Language (File Format) (XML), is proposed.
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The remainder of this contribution is structured as follows: Section 3.1.2 shows related research on AM and
őle/artefact storage is brieŕy discussed. Section 3.1.3 contains the description of the requirements for such an
integrated őle format. In Section 3.1.4, the identiőed őle artefacts and the proposed implementation as a
prototype is described. Within this, in Section 3.1.4.1, the prototype is evaluated. Section 3.1.5 concludes
with a discussion on the performed research and implementation.
3.1.2 Related Work
In [235], the author developed a system for storing information on intelligent products for Product Lifecycle
Management (PLM) purposes. He discussed the suitability of Standard for the Exchange of Product model
data File Format (STEP) and developed an ontology and a Uniőed Modeling Language (UML) described
class model for storing data. The overlap with the present work is in the use of Product Data Management
(PDM) for new methods of manufacturing. The authors proposed in [104] a neutral XML-based exchange
format for the use in PLM. In their work, Initial Graphics Exchange Speciőcation (IGES) and STEP are
examined as base formats. In their proposal, associated őles are also embedded and referenced from within
the XML exchange format.
In [308], the authors described the prototype for a system implemented with an Oracle9i [318] Database-
Management System (DBMS) using XMLType storage, for building a Digital Asset Management (DAM)
system, which enables the user to store, manipulate and retrieve PLM data efficiently. This use case is similar
to the work in this thesis, where product data associated with the lifecycle is to be stored uniformly for easier
handling. The work of Lu et al. [267] proposed a comprehensive and extendable őle format for the use in
AM, covering the entire lifecycle. The research in this thesis builds on this previous work by extending it,
with respect to 3D print associated measurements and providing extension points for capabilities descriptions
of 3D printing hardware.
3.1.2.1 Standard File Formats for Additive Manufacturing
In addition to Lu et al. [267], the coverage of possible őle formats for AM that are in use is extended
and their beneőts and shortcomings are compared to the proposed őle format in this thesis. 3D models are
available in online repositories in these formats, with a varying degree of popularity.
In COLLAborative Design Activity (COLLADA) [213] (ISO/PAS 17506:2012) there exists an XML-based
format for lossless digital asset exchange. COLLADA features include the ability to aggregate scene, physics
and animation information. COLLADA őles are transformed to other formats before fabrication because
3D printers do not natively understand this format. Virtual Reality Modeling Language (VRML) [414] is
speciőed as ISO/IEC 14772-1:1997 and provides support for surface information, transparency and animation.
It is intended for virtual worlds in the World Wide Web and therefore features Uniform Resource Locator
(URL) navigation. Extensible 3D (X3D) [214] (speciőed as ISO/IEC 19775, 19776, and 19777) is the successor
to VRML and is an XML őle format. It allows multi-texturing, lighting, animation and user interaction.
IGES is a vendor-neutral drawing exchange format for CAD systems. Data can be stored hierarchically in
either American Standard Code for Information Interchange (ASCII) or binary representation. Table 3.1
refers to the lifecycle phases deőned in Lu et al. [267].
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COLLADA O O X X X X
VRML O O X X X X
X3D O O X X X X
IGES O P X X X X
O: fully covers, P: partially covers, X: no coverage
Table 3.1.: Lifecycle Coverage of File Formats (Extension to [267])
3.1.3 Requirements
For the proposed őle format to be useful in its application, it needs to be open for adaption and use by other
entities as well as extendable for future use cases within AM. As new technologies can appear and will differ
from existing technologies in the way data is processed and models are handled, the system must provide
support for such extensions and adaptions. The őle format must be ŕexible, as different AM technologies and
machines can vary in the process ŕow. For example, the FDM and Stereolithography (SLA) process require
the object to be őtted with support structures to prevent misprints in some cases (e. g., depending on speed
and geometrical structure of object parts), whereas Electron Beam Melting (EBM) and other powder bed
(fusion) based technologies do not require this kind of support structure due to the inherent nature of the
powder from previous layers acting as support.
For the őle format, two distinct use cases are deőned:
• Use Case 1: The őle format needs to enable easy and complete information exchange between
individuals. All information related to a speciőc 3D print job is aggregated in a concise and complete
format, which users can exchange to facilitate failure analysis or traceability of the 3D-PP for research
purposes.
• Use Case 2: The őle format needs to enable storage in DBMS for analysis and big-data operations.
The information pertaining to a speciőc 3D print job is to be connected to related builds of the same
machine or the same model for data analysis purposes. Contrary to Use Case 1, the data needs to be
spread out onto the respective tables of the DBMS for fast access and analysis.
As the work of Lu et al. [267] focuses directly on the Use Case 2 and provides a schema deőnition for
such a database, this thesis focuses on the Use Case 1. The following requirements pertain to a suitable őle
format for this case:
• The data has to be in one place. Exchanging individual őles is cumbersome and may lead to confusion
and misunderstanding by the user.
• The data size has to be small. Albeit this being a relative requirement, it is stated, that smaller őle
sizes are preferable.
• The data has to be unambiguous.
• The data should contain no redundancy to avoid false interpretation of data.
• File creation and manipulation have to be fast, which can be in opposition to the second requirement
of a small őle size.
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• Transformation for deployment to and from a DBMS is required to facilitate Use Case 2.
From the following steps, this information is identiőed as being required in each step and created within it
(see Figure 3.1).
Figure 3.1.: Flow of Information in the 3D-PP
Following is a list of artefacts and information from the 3D-PP that are required to be stored in an aggregated
form: a) Design decisions/design intent; b) Granularity/accuracy for CAD→STL transformation; c) CAD
őle as original; d) Information on the CAD software applied/version; e) Software used to position object;
f) Positioning information and positioning intent; g) Software applied for slicing/version; h) Information on
hardware/computing resources utilised during the 3D-PP; i) Slicing parameters; j) Slicing log; k) Information
on G programming language (G-Code) pre-processing; l) Information on the 3D printer used; m) Information
on the 3D printer location and the 3D printer capabilities; n) Information on ambient factors; o) Information
on material selection (and intent); p) Information on fabrication (duration, events, sensor data); q) Quality
assessment (visual inspection (caveat: lacking standard test-procedure), non-destructive tests); r) Associated
video; s) Associated pictures; t) Information if part is in a series; u) Previous and subsequent 3D prints on
the machine (potential breach of privacy); v) Information on in situ material test (e. g., thickness/roundness,
temperature); w) Test procedures; x) Test results and y) Approval information.
3.1.4 File Format Definition
In this section, a deőnition for the efficient storage and retrieval of information and artefacts from the
3D-PP is created. This schema is implemented as an XML Schema Deőnition (XSD). The őle format stores
the associated őle artefacts in a compressed archive and references the internal structure to a meta őle that
is deployed inside the archive as an XML őle. The implementation is part of the cloud 3D printing service
research platform [48], see also Section 5.1. Initially, a database schema is created from an Entity Relationship
(ER) diagram and from the resulting database instance an XML schema (XSD) is derived. In Figure 3.2, a
depiction of the database is provided. As ŕexibility is one of the requirements, the őle format makes use of
key-value storage methods that are extensible. The semantics of the őle format are deőned in embedded
comments. This key-value storage method is similar to the Active Semantic Network (ASN)-database, as
described in Roller, Mešina and Lampasona [363].
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machine
id BIGINT
machineName VARCHAR(128)
machineType BIGINT
machineLocation BIGINT
owner VARCHAR(128)
vendorReference VARCHAR(128)
serialNumber VARCHAR(128)
condition BIGINT
Indexes
print
id BIGINT
startDate DATETIME
endDate DATETIME
machineReference BIGI…
Indexes
objects
id BIGINT
positionReference BIGINT
fileReference BIGINT
note VARCHAR(128)
Indexes
files
id BIGINT
fileType VARCHAR(128)
mimeType VARCHAR(128)
fileLocation VARCHAR(255)
fileName VARCHAR(128)
fileSize BIGINT
fileSizeUnit VARCHAR(128)
fileHash VARCHAR(128)
fileHashType VARCHAR(128)
Indexes
users
id BIGINT
userName VARCHAR(1…
userNote VARCHAR(128)
Indexes
roles
id BIGINT
key VARCHAR(128)
value VARCHAR(128)
description VARCHAR(128)
Indexes
processSteps
id BIGINT
processStepType BIGINT
processStepDescription VARCHAR(128)
Indexes computers
id BIGINT
computerName VARCHAR(128)
Indexes
softwares
id BIGINT
softwareName VARCHAR(128)
softwareType VARCHAR(128)
softwareVersion VARCHAR(128)
vendorReference BIGINT
Indexes
positions
id BIGINT
orientationReference BIGINT
positionReference BIGINT
Indexes
exchangeFile
id BIGINT
fileOwner BIGINT
printReference BIGINT
uuid VARCHAR(128)
Indexes
boundingBoxes
id BIGINT
maxX FLOAT
maxY FLOAT
minX FLOAT
minY FLOAT
maxZ FLOAT
minZ FLOAT
Indexes
orientations
id BIGINT
x FLOAT
y FLOAT
z FLOAT
w FLOAT
Indexes
materials
id BIGINT
vendorReference BIGINT
materialType VARCHAR(128)
materialQuantity VARCHAR(128)
3 more...
Indexes
vendors
id BIGINT
vendorName VARCHAR(128)
vendorNote VARCHAR(128)
Indexes
contacts
id BIGINT
contactType VARCHAR(128)
contactValue VARCHAR(128)
contactNote VARCHAR(128)
Indexes
vendorContactRel
vendorId BIGINT
contactId BIGINT
Indexes
materialProperties
id BIGINT
propertyType VARCHAR(128)
propertyValue VARCHAR(1…
propertyUnit VARCHAR(128)
propertyNote VARCHAR(128)
Indexes
materialMaterialPropert…
materialId BIGINT
materialPropertyId BIGINT
Indexes
userContactRel
userId BIGINT
contactId BIGINT
Indexes
machineTypes
id BIGINT
machineTypeDescription VARCHAR(128)
machineTypeNote VARCHAR(128)
Indexes
computerAttributes
id BIGINT
attributeKey VARCHAR(128)
attributeValue VARCHAR(…
attributeNote VARCHAR(…
attributeUnit VARCHAR(1…
Indexes
dataSheets
id BIGINT
fileReference BIGINT
version VARCHAR(128)
dateOfStorage VARCHAR(128)
Indexes
dataSheetProperties
id BIGINT
propertyType VARCHAR(128)
propertyValue VARCHAR(128)
1 more...
Indexes
dataSheetPropertyConditi…
id BIGINT
conditionValue VARCHAR(128)
conditionType VARCHAR(128)
conditionUnit VARCHAR(128)
Indexes
dataSheetPropertiesConditio…
dataSheetPropertyId BIGINT
dataSheetPropertyConditionId BIGINT
Indexes
dataSheetDataSheetProperty…
dataSheetId BIGINT
dataSheetPropertyId BIGINT
Indexes
printObjectRel
printId BIGINT
objectId BIGINT
Indexes
fileManipulations
id BIGINT
softwareReference BIGINT
computerReference BIGINT
userReference BIGINT
roleReference BIGINT
dateOfManipulation DATETIME
Indexes
materialInstance
id BIGINT
materialReference BIGINT
dateOfPurchase DATETIME
priceOfPurchase FLOAT
storageLocation BIGINT
dateOfLastUsage DATETIME
quantityAvailable VARCHAR(128)
priceOfPurchaseUnit VARCHAR(128)
materialRole VARCHAR(128)
Indexes
computerComputerAttributeRel
computerId BIGINT
computerAttributeId BIGINT
Indexes
objectMaterialRel
objectId BIGINT
materialId BIGINT
Indexes
filesAssociati…
id BIGINT
fileReference BIGINT
direction VARCHAR(…
Indexes
machineAttributes
id BIGINT
attributesType VARCHAR(128)
attributeValue VARCHAR(128)
attributeUnit VARCHAR(128)
attributeNote VARCHAR(128)
Indexes
machineMachineAttributeRel
machineId BIGINT
machineAttributeId BIGINT
Indexes
locations
id BIGINT
locationKey VARCHAR(128)
locationValue VARCHAR(128)
locationNote VARCHAR(128)
locationUnit VARCHAR(128)
Indexes
fileManipulationFileAssociatio…
fileManipulationId BIGINT
fileAssociationId BIGINT
Indexes
processStepType
id BIGINT
processStepName VARCHAR(128)
processStepDescription VARCHAR(128)
Indexes
processStepFileManipulationRel
processStepId BIGINT
fileManipulationId BIGINT
Indexes
File to File Relationship is indicated
by the fileManipulations. From this
relationship file inheritance and relation can
be deduced
One object can be associated with multiple materials
therefor a separate relationship is created
to reflect this fact
materialMapping
id BIGINT
materialRole VARCHAR(128)
mappingToObject VARCHAR(128)
Indexes
In this schema it is not possible to precisely
map (multi) material to parts of an object.
conditionType
id BIGINT
conditionDescription VARCHAR(128)
Indexes
tests
id BIGINT
testDescription VARCHAR(128)
testIntent BIGINT
testResult BIGINT
1 more...
Indexes
intents
id BIGINT
intentDescription VARCHAR(255)
Indexes
testFileRel
testId BIGINT
fileId BIGINT
Indexes
testResults
id BIGINT
testResultKey VARCHAR(255)
testResultValue VARCHAR(128)
testResultUnit VARCHAR(128)
testResultNote VARCHAR(128)
Indexes
testTestResultRel
testId BIGINT
testResultId BIGINT
Indexes
objectProcessSte…
objectId BIGINT
processStepId BIGINT
approvedBy BIGINT
Indexes
userRoleRel
id BIGINT
userId BIGINT
roleId BIGINT
Indexes
objectTestRel
objectId BIGINT
testId BIGINT
Indexes
1..* 1
1..*
1
1..*
1
1..*
1
1..*
1
1..*
1
1..*
1
1..*1
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1
1..*
1
1..* 1
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Figure 3.2.: Database Schema for the File Exchange and Storage Format
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The őle format supports multiple objects per 3D print and associates one 3D printer with the 3D print.
Every object is speciőed with a position, associated material that is an instance of a material type and one
őle. Files can have relationships with each other, which are deőned in őle manipulation operations performed
by a user in a speciőc role using computer software. The őle manipulations are associated with process steps
that are a ŕexible number for each object and can have one user approving the step. Multiple tests can be
associated with a 3D print object and can have results available as őle artefacts that are internally referenced
to this test.
3.1.4.1 Evaluation
A őle format is implemented as an XSD. This őle format is utilised in the cloud 3D printing service (see
Chapter 5) presented in previous studies and within this thesis. The őle format enables the exchange of 3D
printing information between users with ease. This helps to omit vendor lock-in. One shortcoming of the őle
format is the lack of support for multi-material 3D prints where speciőc parts of an object are associated
with a speciőc material. It is possible to assign multiple materials to an object; however, this does not reŕect
speciőc parts, regions or section of the object.
3.1.5 Discussion on the Proposed File Format
In Section 3.1.3, the requirement for a őle format that enables the efficient storage and exchange of
information and artefacts associated with an additively manufactured object is discussed.
With this őle format, it is possible to aggregate all build-related information in a single őle for exchange.
With this őle exchange, failure analysis is improved as all information pertaining to a failed build is referenced
consistently. Building on the work of Lu et al. [267], this work focuses on the use case described for exchanging
such information for the beneőt of failure analysis and research. This őle format is not in competition with
existing őle formats for AM, as they are well suited for their applications; instead, this is an aggregating
meta őle format.
In Section 3.2, the inŕuence of process parameters and slicing tool selection is explored and described.
With the proposed storage őle format, it is possible to store such information for later use, and the 3D-PP
becomes transparent and can be improved upon.
3.2 Slicing Software
The aim of this section is to compare the available slicing tools for 3D printers under deőned aspects. The
main contributions to this section are:
1. Collecting methods and tools to assess 3D print results.
2. Analysis of available slicing software, with appropriate tests and comparable specimens.
3. Evaluating the slicing tools, using the analysis as a basis.
3.2.1 Introduction
This section is based on the publication Baumann, Bugdayci, Grunert, Keller, and Roller ‘Inŕuence
of slicing tools on quality of 3D printed parts’, in the Journal of Computer-Aided Design and Applications,
2016 [41].
The author developed the core concept, supervised the experiment, managed the project, and contributed
partially to the manuscript.
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In the previous sections of Chapter 3, a storage őle format is presented, which enables the storage of
data throughout the 3D-PP. The step of slicing is where information in the form of a digital model őle is
transformed into another őle format for further processing. The information required for this transformation
can be stored within this data format. The digital model is transformed by the slicing software into horizontal
slices of a user-deőned height. This height is also called the layer height and inŕuences the resulting quality
of the object. One such quality that is inŕuenced is the surface roughness as described within this section.
Larger layer heights lead to an increase in the stair-casing effect; however, this will also reduce the production
time. Other inŕuences of the slicer, such as processing time or the quality of speciőc object features, are
discussed within this contribution.
The 3D printing technique has evolved signiőcantly since its invention in 1989 [114] and has expanded its
use beyond its intended purpose (e. g., 3D printing of houses/building blocks [413], 3D printing of medical
implants [232] or freeform batteries [279]). Further to its expansion in the professional realm, it has also
gained traction in the semi-professional and amateur domain [286]. The success of this technology comes
partly because of its widespread adoption in the so-called ‘maker-movement’, which results in reduced costs
and readily available 3D printers and models.
The most widespread class of 3D printers (in semi-professional/amateur terms) follow the FDM (trademarked
by Stratasys Ltd. [401]), in which molten plastic (mostly acrylonitrile butadiene styrene (ABS) and polylactic
acid (PLA) [3]) is extruded through a nozzle and structures comprised of thin tubular plastic are built up.
This technique is also known as Fused Filament Fabrication or Free Form Fabrication (FFF) or Fused
Layer Modeling (FLM).
One problem common to 3D printing is the step of transforming the blueprint/digital model into machine
code, which can be executed by the 3D printer itself. This step is called slicing because of the slice-wise
(in regards to the Z-axis of the 3D printer) handling of the data that is to be 3D printed. In this step, the
processor/slicer has to determine what machine-paths and extrusion speeds (in the case of FDM) are best
suited to 3D print an object that most closely resembles the original object or model.
These decisions are necessary because physical conditions (ŕowing material, 3D printing in air, structural
strength) restrict viable operations. To achieve a good 3D print quality, a good slicing tool conőguration is
essential; however, the conőguration may vary according to the 3D printer and slicing tool used.
In the present study, a subset of available slicing tools and associated test set of models are showcased.
Furthermore, methods for testing these tools are provided. Research on assessing the surface quality of FDM
3D printed parts relies heavily on visual inspection as shown by Armillotta [26]. The reader should gain
knowledge of parameters within said tools that inŕuence 3D printing quality and understand how and why
this is the case.
Furthermore, information on structural features that are, inherent to models and affect the quality of the
3D printed model is provided.
A classiőcation of errors that are usually found in FDM 3D printed parts is shown in Mukesh et al. [12].
The set of test models and associated metrics should contribute to achieving a more comparable quality
assessment of both slicing tools for FDM 3D printers and FDM 3D printers themselves. These tests in the
current form are intended to be performed manually ‘ex post’; however, an additional goal is to implement
them so they are performed automatically to occur while 3D printing, thus potentially enabling the in situ
adaption of 3D-PP (active or closed loop 3D printing).
60
3.2 | Slicing Software
Three goals are set for the present work:
• Goal 1: To provide consistent and useful metrics to formalise the quality impacts that are to be
examined. Without applying reproducible and useful metrics, a discussion on quality differences of 3D
printed objects is impossible.
• Goal 2: To provide a framework to measure and improve the overall quality of 3D printed objects by
providing a set of benchmark models.
• Goal 3: To apply a framework with the proposed metrics to state-of-the-art slicing tools to evaluate
the framework and slicing tools.
3.2.2 Technology
In this section, the FDM technology is described in greater detail, than in Section 2.1.1. For all tests
conducted within this work, FDM is utilised.
3.2.2.1 Fused Deposition Modeling 3D Printing
FDM is a 3D printing technology where molten plastic beads are extruded layer by layer. The most
prominent use of FDM is for Rapid Prototyping [140]. A plastic őlament is molten and pushed through a
thin extrusion nozzle. The extrusion amount can be controlled with the feed rate. The extrusion head is
usually positioned in two dimensions, while extruding one layer. When a layer is completed, the head is
moved upwards relative to the model and the next layer is 3D printed.
Overall, 3D plastic model is built by controlling the printhead position, controlling the feed rate and
moving upwards layer by layer.
FDM was developed and established by Stratasys in the late 1980 [107]. In 2005, the RepRap project
commenced [354]. It developed low cost, do-it-yourself FDM 3D printers that can even reproduce parts
of themselves. Various commercial 3D printers based on the RepRap 3D printers were brought to market
(e. g., MakerBot [273] and Ultimaker [426]). These relatively cheap (compared to industrial 3D printers) 3D
printers and the RepRap project made low cost 3D printing possible for the őrst time.
Normal FDM 3D printing has some limitations. It is not possible to 3D print full coloured models; usually
the models are 3D printed in a single colour. In the tests, single colour 3D printing is utilised.
Another limitation is the inability to 3D print large overhangs. Overhangs can only be 3D printed when
3D printing support structures prevents the extruded material from hanging down. This work focuses on the
slicing process itself; therefore, support structures are not examined in the tests.
3.2.2.2 3D PrinterUsed for the Experiment
All 3D prints are printed with a RepRap-Mendel, iteration 2 [353] 3D printer. The 3D printer is self-built
from a kit and is based on the Open Source blueprints developed by the RepRap project [354]. The 3D
printer has a simple but solid design of threaded rods and 3D printed plastic parts. The material is 3D
printed with a dual extruder for 3.0 mm plastic őlament through a 0.5 mm nozzle. Furthermore, the 3D
printer has a heated printing bed and a fan for 3D print cooling.
3.2.2.3 Material Used
For all tests, ABS thermoplastic őlament is used. All tests are 3D printed with red ABS őlament with a
diameter of 3.0 mm. All material in this experiment, originates from the same manufacturer.
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3.2.2.4 File Formats
Usually there are two őle format types used for 3D printing:
• The input őle representing the 3D model to be 3D printed.
• The 3D printer control őle in a Numerical Control (NC) programming language containing the tool
path information.
The 3D model őles are usually in STL [4] – a popular exchange format for simple, uncoloured models and
mesh based models. This format is supported by the majority of 3D CAD and modelling applications.
The 3D printers of the RepRap project or others based on its design use G-Code őles as 3D printer control
őles. These őles tell the 3D printers what to do.
3.2.2.5 Slicing
The normal workŕow of 3D printing is:
1. Creating the 3D model to 3D print and exporting it (e. g., to STL).
2. Calculating the 3D printer tool paths based on the 3D model and exporting it (e. g., to G-Code).
3. 3D printing based on the control őle.
The process of calculating the 3D printer tool paths based on the 3D model őle is called slicing. This is
performed by separate tools called slicing tools.
To calculate these 3D printer tool paths, the slicing tools try to őnd all solid shapes of the model. Therefore,
the model has to be manifold; otherwise, the slicing tool cannot őnd the solid bodies. Good slicing tools will
try to repair the model if it is not manifold.
The solid shapes are then cut into layers, as thick as the layer height of the 3D printer. Now on every
layer, the necessary two-dimensional tool paths to 3D print this layer are calculated. This includes the
movement on two axes and the feed rate of the extruder. Later, the 3D printer will 3D print layer after layer
two-dimensionally and move into the third dimension between the layers by the given layer height.
There are various slicing tools with different advantages and disadvantages. The quality of the slicing
can have a huge impact on the 3D printing result. A good slicing tool should not only calculate each layer
separately, but also look into the layers above and below. When dealing with overhangs and complicated
structures, the slicing tools can improve the 3D print result a great deal. As can be seen in the produced
G-Code, the printhead is accelerated in areas where an overhang is detected and while bridging. Another
reason indicating this behaviour was seen was because the start of a new layer was not put into the air but
on existing material. Indication for looking above was found when analysing the G-Code structure for inőll
patterns where the slicer looked a few layers ahead to adapt the inőll pattern (closing the pattern for more
stability).
This case study’s main focus is to show the difference between slicing tools and how they affect the 3D
printing quality.
3.2.3 Slicing Tools
As mentioned in Section 3.2.2.5, slicing tools calculate the 3D printer tool paths from given 3D mesh based
models. In these tests, the input of the slicing tools is always a STL őle; the output is always a G-Code őle.
In this section, the selected slicing tools for the experiment and the selection criteria are presented. Besides
the slicing tools abilities, their conőguration also has a huge impact on the quality of the 3D printed object.
In the section slicing tool conőguration (Section 3.2.3.5), the settings in use for the experiment are explained.
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For better comparability, the same settings are employed for all test runs and slicing tools. All settings
are optimised for the research 3D printer, which is a RepRap-Mendel 3D printer. The 3D print results are
dependent on this 3D printer and will be different on other 3D printers.
3.2.3.1 Available Slicing Tools
Under the assumption that the number of hits for a slicing tool in popular search engines is associated
with their popularity, the following packages are the most popular slicing tools (as of the time of writing in
2014 1):
• Cura, 14.03 (open source project by Ultimaker) [427]
• KISSlicer, 1.1.0.14 (commercial project) [236]
• Skeinforge, Release 50 (open source project) [280]
• Slic3r, 1.0.0 RC3 (open source project) [389]
• RepSnapper, 2.2.0 b3 (open source project) [377]
• Miracle-Grue/Makerware, 2.4.1.62 (freeware project by MakerBot) [274]
3.2.3.2 Selection Criteria
The following criteria were used for the selection of the slicing tools:
• Reliability: The slicing tool must be able to handle all the test models.
• G-Code compatibility: The G-Code must be compatible with the RepRap őrmware so that it can
be 3D printed with the RepRap-Mendel 3D printer.
• Conőgurable: To obtain comparable results with different slicing tools, all of them must offer speciőc
conőguration properties. The properties ‘3D print temperature’, ‘printing bed temperature’, ‘layer
thickness’, ‘őll density’, ‘3D print speed’ and ‘minimum layer 3D print time’ must be conőgurable.
3.2.3.3 Excluded Slicing Tools
The following two software programs are excluded from the experiment, due to the shortcomings presented
below:
Software: Miracle-Grue/Makerware
The G-Code generated with Miracle-Grue [277] is not compatible with the RepRap-Mendel 3D printer.
Therefore, it is excluded from further testing as the results are not comparable to the remaining slicing tools.
Software: RepSnapper
RepSnapper [377] was excluded because it did not work reliably. When slicing the model DragonsEgg the
slicer crashed repeatedly. When slicing the model TextTest not all parts of the model were sliced. RepSnapper
is in an early developmental Beta stage. The latest binary release 2.2.0-b3 (as of May 2014) is not stable
enough for a comparison.
1 Query ‘3D Printer Slicing Software’ at https://www.google.de
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3.2.3.4 Selected Slicing Tools
Within the scope of this work, four slicing-tools are analysed and described: Cura, KISSlicer, Skeinforge
and Slic3r.
Software: Cura
Cura is open source software developed by Ultimaker and includes everything required to prepare a 3D őle
for 3D printing and slicing. It is available for Linux, Mac and Windows. Multiple industry-standard őles such
as STL, Wavefront 3D őle (OBJ), Digital Asset Exchange (DAE) and Additive Manufacturing File Format
(AMF) can be used.
There are four simple standard proőles included. Cura has a user-friendly graphical interface and the
buttons with main functionalities are well arranged and mostly labelled. Cura is presented in detail in
Section 3.2.6.2.
Software: KISSlicer
KISSlicer is a closed source slicing tool. There is a free version available, which has all the features needed
for a single-head machine. This version can be extended to a PRO version, with support of multi-head
machines and multi-model 3D printing. It generates G-Code from STL őles.
KISSlicer is available for FreeBSD, Linux, Mac and Windows, and it can used in different languages.
KISSlicer has a grey theme with orange-coloured buttons and is presented in detail in Section 3.2.6.3.
Software: Skeinforge
Skeinforge is a free open source program. It is composed of Python scripts that generate G-Code instructions
of a 3D model for RepRap. Skeinforge supports the őle formats STL, GNU Triangulated Surfaces (File
format) (GTS), OBJ, Scalable Vector Graphics (SVG), XML, G-Code and BFB (G-Code in the Bits From
Bytes format).
Skeinforge is more complicated to install and the User Interface (UI) is less intuitive than other slicing
tools. The better way to install Skeinforge is installing it with other host software, which includes Skeinforge.
Skeinforge is presented in detail in Section 3.2.6.4.
Software: Slic3r
Slic3r converts STL, OBJ and AMF 3D models into G-Code instructions. It is available for Linux, Mac,
and Windows. Additionally, Slic3r can be used from the command line. The Graphical User Interface (GUI)
version provides a G-Code and model visualisation as well as proőles and conőguration wizard. Slic3r is also
integrated in various 3D printer host software. Slic3r is presented in detail in Section 3.2.6.5.
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3.2.3.5 Slicing Tool Configuration
For all tests, identical slicing tool conőgurations are used to ensure reproducibility and comparability.
General Settings
• Travel Speed – Speed of the extrusion head when not 3D printing: 150 mm/s
• Bottom Layer Speed – Speed of the őrst layer on the printing bed: 20 mm/s
• Shell/Perimeter Speed – Speed of the perimeters: 30 mm/s
• Inőll Speed – Speed for internal őll: 45 mm/s
• Minimum Layer Time – Minimum time for each layer to 3D print. Gives the layer enough time to
cool and prevents warping. Speed is reduced per layer if necessary: 20 s
• Fill density – Percentage of őll density for inner beads: 20 %
• Fill pattern – Pattern of how to do inőll: Rectilinear
• 3D Printing temperature – Temperature of the plastic extruder: 250 °C
• Bed temperature – Temperature of the printing bed: 110 °C
Layer Settings
For the experiment, three different layer thickness settings are used. For every model, the setting that
yields the best results is selected for extensive testing. These settings are optimised for 3D printing on a
RepRap-Mendel 3D printer:
0.2 mm for solid models with no complicated structures. Gives a smoother surface.
0.3 mm for models with complicated and thin structures. Gives results that are more robust with fewer errors.
0.4 mm for models with overhang. The surface is rougher but there are fewer errors at overhangs.
Support Structures
In all tests, the objects are 3D printed without support structures. The main goal is to determine how well
the slicing tools can handle difficulties without support.
In general, support structures decrease the 3D print quality (e. g., arrears, imprints) so the results are best
if a slicing tool succeeds in 3D printing a model without support structures.
All test models are 3D printed without raft (i. e., layers below the model to improve printing bed adhesion).
With good slicing tool conőgurations and a well-adjusted 3D printer there is no need for raft, which also
decreases the 3D print quality.
Advanced Settings
The majority of the other setting values are set to the slicing tools default values. This might affect the 3D
printing results.
Slicer software is expected to have well-adjusted default settings to enable novice users 3D printing desired
results. Retraction (pulling back the őlament when travelling) is enabled for all slicing tools.
65
3 | Storage Data Format for 3D Printing and Software Analysis
3.2.4 Foundations
In this section, the criteria and metrics used to compare the slicing tools and 3D printed objects results
are presented. All specimens utilised, were made public by the respective authors for further research. For
further information, see the references provided.
3.2.4.1 Quality Impacts
The main goal when 3D printing is to obtain a physical object that has the same geometry as the virtual
3D model. Thus it is of great importance that the 3D printed object is a very close representation of the 3D
model. Models may have a complicated geometry that makes it difficult for the 3D printer to distribute the
őlament equally, which leads to small deviations in the 3D printed result. Furthermore, physical constraints
like gravitation can have a huge impact when 3D printing on bridges and overhangs. In this section, the
deviations that commonly occur throughout the present study are described and it is described how these
deviations are quantiőed.
Overhangs and Bridges
Overhangs are deőned as extruded material without supporting structures directly underneath. Overhangs
are generally attached to existing structures of the layer below so the overhanging material remains in place.
Overhangs are generally used to progressively 3D print surfaces that are sloped in a vertical direction.
A bridge is an overhang that connects two points within the same layer where there is no material in
between the points in the layer below. Bridges are usually 3D printed by speeding up the nozzle while
extruding in mid-air.
In both cases, a cooling fan can be utilised to speed up solidiőcation to lessen the unwanted impact of
gravity. The precision of overhangs and bridges is deőned by measuring the maximum deviation of the speciőc
overhang or bridge to its ideal shape in the direction of the surface normal.
Plastic Remains
During 3D printing, the nozzle often changes between extrusion mode and move mode. It is of great
importance that the nozzle stops extruding in the correct location as stopping too soon might leave some
details of the model missing and stopping too late might lead to unwanted plastic remains on the surface of
the model. Plastic remains can also arise when the nozzle smears non-solid őlament that has already been
extruded.
To determine the size of plastic remains, the maximum deviation of the plastic remains compared to the
ideal shape of the model in the direction of the surface normal is measured. As plastic remains are usually
relatively small, it can also be taken into account whether the plastic remains can be manually removed
after the 3D print. A plastic remain is deőned as removable if it can be removed residue-free from the 3D
printed object with the help of a sharp scalpel. If the diameter of the plastic remain is too large, then
removing the plastic remain will leave a white dot on the surface of the model. The removal is then considered
not residue-free, which is hence not deőned as removable.
Strength
Parts that are 3D printed with FDM can have strength problems. Along the layer- or bead-joints, the
parts are much weaker. This is one of the main strength problems of FDM 3D printed parts. How weak the
parts are along the joints depends on different factors. The main factors are 3D print temperature and 3D
print speed.
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The hotter the parts are 3D printed the better the layers and beads join. When 3D printing is colder,
the layer below is already cooled down and there is almost no welding. 3D printing too hot can also cause
problems with warping or burned material so there is a temperature limit for 3D printing success.
When 3D printing is too fast, the plastic cannot lie down properly and the strength suffers. However,
a problem with 3D printing too slowly is that the material cools down and the issues with too cold 3D
printing mentioned above occur. In the experiment, the prints are instructed for 25 mm/s 3D print speed and
250 °C extruder temperature.
3.2.4.2 Metrics
To quantify and compare the quality impacts mentioned in the last section, the following metrics are
developed, with this section providing an overview of these metrics and means of measurement.
Metric for Deviations
A frequently used metric is the metric for deviations between the 3D printed model and the original model.
In general there can either be too much material or too little material in the 3D printed model. In cases
where there is too much material, measurement of the maximum length of the deviation in the direction
of the surface normal is taken. In cases where there is too little material, measurement of the minimum
perpendicular distance of the whole is taken.
Deviations are measured with a pair of digital callipers, precise to 0.01 mm, as shown in Table 3.2.
Abbreviation Name Description
(R) Removable It is possible to residue-free remove the de-
viation
(D: <0.2 mm) Very small deviation < 0.2 mm deviation in the surface normal
(D: 0.2–1 mm) Small deviation 0.2 mm – 1.0 mm deviation in the surface
normal
(D: 1–2 mm) Rough deviation 1.0 mm – 2.0 mm deviation in the surface
normal
(D: ≥2 mm) Very rough deviation ≥ 2 mm deviation in the surface normal
(M: <1 mm) Very small gap < 1.0 mm missing material in the shortest
perpendicular
(M: 1–2 mm) Small gap 1.0 mm – 2.0 mm missing material in the
shortest perpendicular
(M: 2–8 mm) Large gap 2.0 mm – 8.0 mm missing material in the
shortest perpendicular
(M: ≥8 mm) Very large gap ≥ 8.0 mm missing material in the shortest
perpendicular
(C) Catastrophe The printed model does not correspond to
the original model in any way
Table 3.2.: Metric used for measuring model deviations
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Metric for Text Quality
In the experiment for 3D printing text, lines with decreasing letter size are 3D printed. With the specimen
utilised in the present study, it was assessed how small the slicing software can render the letters. All lines
are rated separately. For each line, the ratings shown in Table 3.3 are employed:
Name Description
Perfect All letters are readable and close to the original shape
Readable All letters are readable but not all have the original shape
Partially readable Up to four letters are not properly readable
Not readable More than four letters are not readable
Table 3.3.: Metric Used for Measuring Text Print Quality
Reproducibility
For testing how reproducible the test results are, one of the test models is 3D printed twice under the same
conditions.
As a test model, the model Precision Test (see Section 3.2.5.3) is used. This model has various difficulties
such as thin structures, holes and bridges. KISSlicer is used for slicing with the same settings as described in
Section 3.2.5.3. The difference between both 3D prints are measured. The average difference between the two
3D prints is 0.03 mm or 0.59 % relative to the measured length.
3.2.4.3 G-Code Viewer
To analyse the various G-Codes produced throughout this study, the gCodeViewer by Ustyantsev [429] is
extended for this problem. The ability to examine multiple G-Codes at once is added to this implementation.
The colour scale is adapted to colour the G-Code paths as a function of the actual extrusion speed in
millimetres per second. The colour legend is thus the same for all G-Codes throughout this study and is
shown in Figure 3.3.
Figure 3.3.: Colour Legend of all G-Code Figures in this Study. Extrusion speeds are measured in mm/s
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3.2.5 Evaluation
In this section, the different slicing tools are evaluated by using various test models. For each test model,
a brief overview of what the model looks like, why it was selected and what difficult parts are contained
within the model is provided. Additionally, the slicing tools are compared to a certain comparison goal for
each model. The root cause for the detected errors or difficulties is also examined. cause of the detected
difficulties.
3.2.5.1 Overhang Test
The őrst model is the Overhang Test model [196]. As the name indicates, this is a model created to test
overhangs having different degrees. This model has overhangs with degrees of 15°, 20°, 25°, 30°, 35°, 40° and
45°. It has two overhangs with the same degree in which one overhang is supported by walls and the other
overhang is unsupported.
This model is selected for the study because during pre-testing different qualities of the 3D printed overhangs
were experienced. This model allows us to correlate the quality of the overhangs with the different decisions
the slicing tools made.
The overhangs supported by the wall can be 3D printed using the bridging technique. The unsupported
overhangs are 3D printed by continuously exceeding the edges of the layer below with őlament. In any case,
it is very important that the extruded őlament remains in the place it was extruded to, regardless of whether
it is 3D printed in mid-air or not. This can be achieved by using a cooling fan to cool down the extruded
őlament. For this model, the inŕuence of active cooling during 3D printing is also examined in terms of the
resulting quality.
Comparison of Overhang Test with and without Fan Cooling
The same G-Code is applied to 3D print both the fan cooled model and the model without fan cooling.
The exact 3D print settings and observations are listed in Table 3.4.
Slicing Tool Nozzle Layer Thickness Cooling Observations
Cura 0.5 mm 0.4 mm no from 15° to 30° small deviations (D:
0.2–1 mm)
Cura 0.5 mm 0.4 mm yes 15° has small deviations (D: 0.2–1 mm)
KISSlicer 0.5 mm 0.4 mm no from 15° to 25° large deviations (D:
1–2 mm)
KISSlicer 0.5 mm 0.4 mm yes from 15° to 25° small deviations (D:
0.2–1 mm)
Skeinforge 0.5 mm 0.4 mm no from 15° to 30° large deviations (D:
1–2 mm)
Skeinforge 0.5 mm 0.4 mm yes from 15° to 30° large deviations (D:
1–2 mm)
Slic3r 0.5 mm 0.4 mm no from 15° to 35° small deviations (D:
0.2–1 mm)
Slic3r 0.5 mm 0.4 mm yes from 15° to 20° small deviations (D:
0.2–1 mm)
Table 3.4.: Results from Overhang 3D Printing Test
In general, the versions without the use of a cooling fan (Figure 3.4a–Figure 3.4d) are of lower quality than
the same versions that are cooled with a fan during 3D printing (Figure 3.4e–Figure 3.4h). Nevertheless, the
overhangs with 45° and 40° can be 3D printed with good quality regardless of fan cooling. Overhangs with
35° and 30° can be 3D printed with good quality only by using fan cooling; the slicing algorithms do not
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(a) Cura without fan (b) KISSlicer without fan (c) Skeinforge without fan (d) Slic3r without fan
(e) Cura with fan (f) KISSlicer with fan (g) Skeinforge with fan (h) Slic3r with fan
(i) Cura G-Code (j) KISSlicer G-Code (k) Skeinforge G-Code (l) Slic3r G-Code
Figure 3.4.: Erroneous Parts of the Overhang Test Model with different Slicing Tools – with Fan Cooling and
without Fan Cooling
seem to have a signiőcant impact on the quality.
This changes for smaller angles where the quality is not good even with fan cooling. Differences between the
slicing tools originate from the different extrusion speeds used. Cura (Figure 3.4i) uses the slowest extrusion
speed of 15 mm/s and has the best result. KISSlicer, Skeinforge, and Slic3r extrude mainly with 20 mm/s;
however, Slic3r speeds up to 30 mm/s extrusion speed when 3D printing the overhang. While Cura, KISSlicer,
and Slic3r remain at a constant extrusion speed throughout all layers, Skeinforge constantly speeds up on
the way to the top starting at 1˜0 mm/s and reaching 2˜5 mm/s in the top layers. In addition, the corners of the
overhangs become increasingly rounded the higher the extrusion speed becomes. For details on the model
dimensions see the original publication [41].
3.2.5.2 Text Test
The Text Test model [176] is a plate with 10 lines of letters having different font sizes, with the letters in
each line being A, B, C, F, X, W, Q, R, a, b, g, h, i, j, x, and z. The font size of the smallest line is 1 mm;
the font size of the largest line is 6 mm. The őrst line has a height of 1 mm in the 3D model and all other
lines have a height of 0.5 mm. The font used is the default font of Blender [73], named ‘bfont’.
Letters have been chosen as they have a very high level of detail with uncommon geometric forms. They
are commonly 3D printed as very thin walls with a small height. The thin wall is difficult to 3D print, as the
walls may face in any direction or may even be curved. At the time of writing, approximately a third of the
100 most popular models (measured by ‘likes’) on Thingiverse [415] contained small decorative structures or
letters. It is thus of great interest to ensure visually appealing 3D prints, even with such a high level of detail.
For the present study, letters as őne-grained structures are selected. The readability is leveraged as a quality
indicator. With the different font sizes, the level of detail at which 3D printed results have a good quality
and at which the 3D printed quality starts to drop can be identiőed.
The letters expose various difficulties. One major difficulty is the round shape of the letters B, C, Q, R, a,
b, g, h and j, especially as they become smaller. See Figure 3.5 for the resulting objects and Figure 3.6 for a
detailed view and the corresponding paths laid out by the slicing software.
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Other difficult areas are intersections found in the letters A, B, F, X, Q, R, a, b, h and x. An intersection is
a spot in the model where multiple extrusion lines meet (e. g., the middle of the letter X ). It is not possible
to extrude intersections in one line so the 3D printer has to retract and restart again at some point. If the
retraction is executed too early, the 3D printed result might have a hole. Conversely, if the retraction is
executed too late, the 3D printed result might be a little bit higher at the intersection point. Both options
lead to visible quality impacts.
As the details become smaller, it is also important that the 3D printed result does not become a single
smearing. With the őne level of details, the nozzle often has to change between extruding and moving without
extruding. As the time frames between those two states become increasingly smaller with a őner level of
detail it becomes more difficult for the 3D printer not to smear.
Comparing Text Test with Different Slicers
All slicing tools are utilised to 3D print the Text Test model. The exact settings are listed in Table 3.5.
As seen in Figure 3.5, the text in lines 5–10 cannot be 3D printed in good quality. Cura detects that and
does not even try to 3D print these lines, whereas the other slicing tools try and fail. Skeinforge smears a lot
between the letters and lines, whereas Cura and KISSlicer have the clearest 3D printed font. The result
of Slic3r looks more like a serif font than a sans serif font as the font in the model is supposed to be. The
differences can easily be explained by looking at the G-Codes of single letters in Figure 3.12 and Figure 3.13.
The G-Codes of Cura and KISSlicer mainly contain the outline of the letters and at some points a little bit
of inőll. Skeinforge uses a similar approach but puts more inőll into the letters by extruding the inőll in a
zig-zag-pattern. Slic3r uses a very different approach at intersections compared to the other slicing tools.
The intersections are 3D printed using an X-like extrusion pattern.
Slicing Tool Nozzle Layer Thickness Observations
Cura 0.5 mm 0.3 mm The őrst four lines are legible. The őfth line is illegible and
all further lines are not being printed.
KISSlicer 0.5 mm 0.3 mm The őrst four lines are legible. It is possible to identify the
location of the őfth to the tenth line; however, the characters
cannot all be identiőed in those lines.
Skeinforge 0.5 mm 0.3 mm The characters of the őrst őve lines can be identiőed. From
then on, only the location of the lines can be identiőed.
Skeinforge smears a lot between the letters of all font sizes.
For some reason, Skeinforge did no retraction between the
layers.
Slic3r 0.5 mm 0.3 mm The characters of the őrst őve lines can be identiőed. From
the sixth to the eight line only some of the letters can be
identiőed. In the ninth and tenth line no letter can be
identiőed.
Table 3.5.: Observed Results for Text Test
In addition to the visual inspection and quality assessment of the Text Test, a method to assess the
quality automatically and reproducibly by colouring the letters is devised. For this method, a black coloured
marker is utilised to colour the letters. The plates are photographed in diffuse daylight at a distance of
12 cm. Optical Character Recognition (OCR) is used to automatically detect the letters. For character
recognition, Tesseract [411] OCR version 3.02 is applied. Before the OCR step, the picture is post-processed
using Paint.NET [130] to increase the saturation to 150, the contrast by 80 and the brightness by 80 and to
őlter noise pixels using a threshold.
Table 3.6 displays the results of this automated letter detection.
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Slicer Line 1 Line 2 Line 3 Line 4 Line 5 Line 6 Line 7
Cura 15/16 16/16 13/16 13/16 0/16 0/16 0/16
KISSlicer 15/16 16/16 16/16 14/16 6/16 0/16 0/16
Slic3r 12/16 14/16 15/16 13/16 8/16 6/16 0/16
Skeinforge 0/16 0/16 0/16 0/16 0/16 0/16 0/16
Table 3.6.: Detected Letters of Text Test using OCR (detected letters out of the total number of letters per
line)
(a) Cura (b) KISSlicer
(c) Skeinforge (d) Slic3er
Figure 3.5.: All Results of the Text Test Model
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(a) Cura (b) KISS (c) Skein (d) Slic3r (e) Cura (f) KISS (g) Skein (h) Slic3r
(i) Cura (j) KISS (k) Skein (l) Slic3er (m) Cura (n) KISS (o) Skein (p) Slic3r
(q) Cura (r) KISS (s) Skein (t) Slic3er (u) Cura (v) KISS (w) Skein (x) Slic3r
(y) Cura (z) KISS (aa) Skein (ab) Slic3er (ac) Cura (ad) KISS (ae) Skein (af) Slic3r
Figure 3.6.: Selected Letters of the Text Test with corresponding G-Codes. KISS= KISSlicer, Skein=
Skeinforge
3.2.5.3 Precision Test
Using the knowledge gathered in the previous models, a custom model is developed. This model is intended
to test all difficulties in parametrised varieties. The Precision Test model (Figure 3.7) [175] is used to test
small and fragile geometric objects and bridges.
Precision Test is a plate with different objects 3D printed on it. The objects on the plate include straight
towers, triangular towers, round arcs to lancet arcs, round and square pillars with and without holes, holes
in the ground plate, oval pillars, one bridge, stairs and cubes. The employed slicer settings are listed in
Table 3.7.
To analyse this model, a set of digital callipers is used to measure a selected set of objects. The measurement
points are shown in Figure 3.7 and the respective results are listed in Figure 3.8.
All slicing tools 3D print the measured pillars 04 and 05 up to 1 mm too thick, whereas the hollow pillar
06 is perfectly sized. When looking at the G-Code of the three pillars there is one basic difference: the őlled
pillars have multiple outer walls extruded, whereas the hollow pillar has two simple walls – one for the inside
and one for the outside. The inőll is then performed by randomly extruding small bits of őlament. Hence,
less material pushes against the outside wall and the pillar remains in place.
Measurement 07 is the width of the outer wall of a hollow pillar and measurement 08 is the width of the
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Slicing
Tool
Nozzle Layer
Thickness
Observations
Cura 0.5 mm 0.3 mm Cura does not print two thin walls and a small hollow pillar
(M: ≥ 8 mm). In addition, the triangular pillars are too small
because a part of their top was not printed (M: 1–2 mm).
KISSlicer 0.5 mm 0.3 mm A bridge has overhanging strings (R). The two triangular
pillars are too small because a part of their top was not
printed (M: 1–2 mm).
Skeinforge 0.5 mm 0.3 mm Skeinforge does not őll the ground plate next to the holes
well and little additional holes are visible (M: < 1 mm). The
two triangular pillars are too small because a part of their
top was not printed (M: 1–2 mm). The cube has a long
trench on the top (M: 1–2 mm).
Slic3r 0.5 mm 0.3 mm Slic3r knocks over one of the pillars (D: 1–2 mm). Small
dents are visible at the top point of the round arcs (D:
0.2–1 mm).
Table 3.7.: Slicing Tool Settings and Observed Results for Precision Test with Different Slicing Tools
Figure 3.7.: Locations Measured with Digital Callipers during the Precision Test
hole. The width of the inner circle has a much larger deviation than the outer circle. Nevertheless, it is
difficult to identify the reason for this behaviour. The different G-Codes (see Figure 3.12 and Figure 3.13) use
a similar amount of inőll and some even use the same őll patterns, so it is not possible to identify a certain
G-Code pattern with the deviation. In addition, a temporal analysis is also inconclusive. Cura and Slic3r
extrude the inner wall őrst and the outer wall last, whereas KISSlicer and Skeinforge extrude the outer wall
őrst and the inner wall last.
Measurement 12 (outer width) and 13 (inner width) of a hollow cube show similar behaviour. The cube has
a very small wall width of 1 mm and Cura decided not to slice the cube at all. Skeinforge has a deviation of
the inner width that is two times as large as the deviation of KISSlicer and Slic3r. This is because Skeinforge
extrudes two rounds of őlament for the wall, whereas KISSlicer and Slic3r extrude only one round.
In Figure 3.9–Figure 3.11, the G-Codes of different layers of the holes that are in the ground plate of the
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Index Reference
absolute absolute deviation deviation absolute deviation deviation absolute deviation deviation absolute deviation deviation
[mm] [mm] [mm] [%] [mm] [mm] [%] [mm] [mm] [%] [mm] [mm] [%]
1 3,00 3,05 0,05 1,7% 3,37 0,37 12,3% 3,26 0,26 8,7% 3,41 0,41 13,7%
01A 14,00 14,41 0,41 2,9% 14,08 0,08 0,6% 13,95 0,05 0,4% 14,12 0,12 0,9%
2 5,00 5,11 0,11 2,2% 5,18 0,18 3,6% 5,21 0,21 4,2% 5,27 0,27 5,4%
02A 15,00 15,09 0,09 0,6% 14,95 0,05 0,3% 14,80 0,20 1,3% 14,95 0,05 0,3%
3 3,00 3,18 0,18 6,0% 3,27 0,27 9,0% 3,31 0,31 10,3% 3,38 0,38 12,7%
4 2,00 3,03 1,03 51,5% 2,98 0,98 49,0% 2,93 0,93 46,5% 3,14 1,14 57,0%
5 4,00 4,91 0,91 22,8% 4,91 0,91 22,8% 4,98 0,98 24,5% 4,91 0,91 22,8%
6 6,00 5,89 0,11 1,8% 5,86 0,14 2,3% 5,95 0,05 0,8% 6,05 0,05 0,8%
7 8,00 7,80 0,20 2,5% 8,15 0,15 1,90% 8,07 0,07 0,9% 8,11 0,11 1,4%
8 4,00 3,52 0,48 12,0% 3,40 0,60 15,0% 3,53 0,47 11,8% 3,53 0,47 11,8%
9 1,00 1,31 0,31 31,0% 1,21 0,21 21,0% 1,28 0,28 28,0% 1,47 0,47 47,0%
10 5,00 5,02 0,02 0,4% 4,95 0,05 1,0% 4,89 0,11 2,2% 5,16 0,16 3,2%
11 5,00 5,05 0,05 1,0% 5,19 0,19 3,8% 5,21 0,21 4,2% 5,42 0,42 8,4%
11A 3,00 2,78 0,22 7,3% 2,32 0,68 22,7% 2,65 0,35 11,7% 2,36 0,64 21,3%
12 5,00 4,70 0,30 6,0% 4,62 0,38 7,6% Missing Missing Missing 5,11 0,11 2,2%
13 4,00 3,54 0,46 11,5% 3,55 0,45 11,3% Missing Missing Missing 3,10 0,90 22,5%
14 7,00 6,91 0,09 1,3% 7,24 0,24 3,4% 7,24 0,24 3,4% 7,06 0,06 0,9%
15 4,00 3,90 0,10 2,5% 4,32 0,32 8,0% 4,29 0,29 7,3% 4,13 0,13 3,3%
16 7,00 6,78 0,22 3,1% 6,88 0,12 1,7% 6,87 0,13 1,9% 6,85 0,15 2,1%
17 10,00 9,95 0,05 0,5% 10,11 0,11 1,1% 10,21 0,21 2,1% 10,09 0,09 0,9%
18 20,00 19,98 0,02 0,1% 20,05 0,05 0,3% 20,21 0,21 1,1% 20,29 0,29 1,5%
19 10,00 9,95 0,05 0,5% 10,05 0,05 0,5% 9,99 0,01 0,1% 9,88 0,12 1,2%
20 5,00 4,99 0,01 0,2% 5,22 0,22 4,4% 5,22 0,22 4,4% 5,16 0,16 3,2%
21 10,00 9,98 0,02 0,2% 10,13 0,13 1,3% 10,24 0,24 2,4% 10,17 0,17 1,7%
22 10,00 9,92 0,08 0,8% 10,28 0,28 2,8% 10,11 0,11 1,1% 10,03 0,03 0,3%
23 20,00 19,55 0,45 2,3% 19,91 0,09 0,4% 19,75 0,25 1,3% 19,75 0,25 1,3%
24 18,00 17,19 0,81 4,5% 17,64 0,36 2,0% 17,48 0,52 2,9% 17,29 0,71 3,9%
25 10,00 9,68 0,32 3,2% 10,03 0,03 0,3% 9,90 0,10 1,0% 10,02 0,02 0,2%
26 6,00 5,54 0,46 7,7% 5,69 0,31 5,2% 5,22 0,78 13,0% 5,36 0,64 10,7%
KISS SkeinforgeCuraSlic3r
Figure 3.8.: Results of the Measurement of Precision Test using the Digital Callipers
Precision Test model are shown. Figure 3.9a–Figure 3.9d illustrate the different techniques that the slicing
tools use when approaching holes.
The slicing tools also apply different slicing techniques while extruding the inőll around the holes as seen
in Figure 3.10a–Figure 3.10d.
However, the approaches illustrated in Figure 3.11a–Figure 3.11d are the approaches that are used to
extrude the surfacing layer around the hole and, thus, the visible ones. The 3D printed holes are shown in
Figure 3.15. Cura’s technique is very good as the area around the holes is almost indistinguishable from
the rest of the ground plate. KISSlicer uses a very similar technique; however, the area right before the
holes in the direction of the extrusion movement is very visible and has a slightly rough surface. Skeinforge
extrudes too little material around the holes so that tiny holes of missing őlament are perceivable right next
to the border of the actual hole. The slicing tool uses a very large border around the holes, which interrupts
the regular pattern of the ground plate and leads to a greater area with a rougher surface. The wall with
different widths on the right side of the model (see Figure 3.15) is interesting to examine at the G-Code
level. The reason for the wall not being fully 3D printed by Cura is that the G-Code does not contain the
whole wall. The small offset at the end of the wall is also not sliced by KISSlicer. Nevertheless, the height
of the wall (compare Figure 3.8, measurement 10) is very accurate amongst all slicing tools. However, the
width of the wall varies up to 50 % (compare Figure 3.8, measurement 09) with Skeinforge having the biggest
deviation of 0.47 mm and Slic3r having the smallest deviation of 0.21 mm.
The huge deviation of Skeinforge can be explained by looking at the G-Code in Figure 3.12c as Skeinforge
extrudes an inőll into the wall whereas the others do not.
Comparing the G-Code of the hollow ovals in Figure 3.12 and Figure 3.13, there is a slight difference
between the inőll patterns utilised by the different slicing tools. The differences do not have an impact on
the actual wall of the oval; however, when looking at the oval from the top, the inőll patterns of Cura and
Slic3r (Figure 3.15a and Figure 3.15d) lead to little visible holes in the surface, whereas the more dense inőll
patterns applied by KISSlicer and Skeinforge do not produce holes (Figure 3.15b and Figure 3.15c).
Despite the different őll patterns used for the solid oval and the different techniques used for the surface
of the solid oval by all the slicing tools as seen in Figure 3.12 and Figure 3.13, it is not possible to identify
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(a) Cura layer 0 (b) KISSlicer layer 0
(c) Skeinforge layer 0 (d) Slic3r layer 0
Figure 3.9.: G-Code Snippets of the Holes in the Ground Plate for the Precision Test Model in Layer 0
quality impacts either in shape precision, surface roughness or the actual size.
In this section, the impact of the different slicing techniques on the pillars and arcs is examined. The 3D
printed results are shown in Figure 3.15e–Figure 3.15h with the corresponding G-Codes in Figure 3.14. In
general, the towers and pillars produced by Slic3r have a slightly smoother surface than the other slicing
tools. This is mainly because Slic3r generally slices all G-Code rows a bit further apart than the other slicing
tools. Nevertheless, the overall quality of the pillars and towers is equivalent even though the slicing tools use
different inőll techniques. In Figure 3.14, the layers 10, 36 and 37 of each slicing tool are depicted.
Layer 10 is the layer right above the ground plate and contains the beginning of all pillars, towers and arcs
that have different inőll patterns depending on the width and length of the shape. Layers 36 and 37 give a
brief overview of the slicing techniques used for the arcs. It can be seen how the pillars of the fourth arc are
being connected by the different slicing tools. Even though KISSlicer and Slic3r use a similar pattern to
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(a) Cura layer 3 (b) KISSlicer layer 3
(c) Skeinforge layer 3 (d) Slic3r layer 3
Figure 3.10.: G-Code Snippets of the Holes in the Ground Plate for the Precision Test Model in Layer 3
connect the pillars, Slic3r has a section of protruding őlament on the inner side of the round arcs. This is
most likely due to the different extrusion speeds used, as KISSlicer extrudes at 35 mm/s and Slic3r extrudes
at 25 mm/s.
One major difficulty for the slicing tools is the triangular towers that result in very different heights as
seen in Figure 3.15e–Figure 3.15h. This can be explained by the threshold levels the different slicing tools
apply to őligree structures. The top of the triangular towers has not been sliced by Cura, KISSlicer, and
Skeinforge; in fact, only Slic3r sliced the top of the triangular towers and the 3D printed result still has a
very good quality (see Figure 3.15h).
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(a) Cura layer 9 (b) KISSlicer layer 9
(c) Skeinforge layer 9 (d) Slic3r layer 9
Figure 3.11.: G-Code Snippets of the Holes in the Ground Plate for the Precision Test Model in Layer 9
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(a) Cura layer 10 (b) KISSlicer layer 10
(c) Skeinforge layer 10 (d) Slic3r layer 10
Figure 3.12.: G-Code Snippets of the Oval Pillars for the Precision Test Model in Layer 10
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(a) Cura layer 26 (b) KISSlicer layer 26
(c) Skeinforge layer 26 (d) Slic3r layer 26
Figure 3.13.: G-Code Snippets of the Oval Pillars for the Precision Test Model in Layer 26
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(a) Cura layer 10 (b) KISSlicer layer 10
(c) Cura layer 36 (d) KISSlicer layer 36
(e) Cura layer 37 (f) KISSlicer layer 37
(g) Skeinforge layer 10 (h) Slic3r layer 10
(i) Skeinforge layer 36 (j) Slic3r layer 36
(k) Skeinforge layer 37 (l) Slic3r layer 37
Figure 3.14.: G-Code Snippets of the Pillars for the Precision Test Model in Different Layers
(a) Cura (b) KISSlicer (c) Skeinforge (d) Slic3r
(e) Cura (f) KISSlicer (g) Skeinforge (h) Slic3r
Figure 3.15.: The Precision Test Model Photographed from the Top and from the Side
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3.2.6 Usability
3.2.6.1 User Interface and Configuration
This section analyses the user experience of the slicing tools, the user interface and the performance.
The different slicing tools are executable applications – executable as command line application and/or as
standalone applications.
3.2.6.2 Usability of Cura
Cura has a well-arranged two column layout. On the left hand side are the setting possibilities that are
distributed in different tabs.
On the right hand side is the view of the model and the buttons with main functionalities such as loading
and saving the model. It is also possible to edit the model with the following operations: rotate, scale and
mirror, as is switching of the view mode is.
There are different view modes, for example Layers, Transparent, Overhang and Normal. If you select the
Layers view mode you can see the movement lines of the extruder for each layer of the model. Cura offers a
medium amount of settings, with fewer settings available compared to the other slicing tools. Its focus is on
a user-friendly interface. Cura does not provide separate proőles for different categories; however, it does
provide proőle loading and saving for all settings as well as loading settings from Cura G-Code őles.
3.2.6.3 Usability of KISSlicer
KISSlicer has a partially dark and grey theme. The main functions are orange coloured making them easy
to see. KISSlicer provides three different levels of settings, which are beginner, medium and expert. If you
select one of these levels or change the current level, the user interface refreshes itself directly. Therefore, the
setting possibilities are limited to the selected level.
The Reset Button resets the view to the initial view. KISSlicer provides three different view modes – 3D
model view, 2D G-Code layer view and a combined 3D model and G-Code view.
In the advanced mode, KISSlicer offers many detailed settings. It also provides separate proőle switching
for style, support, material and 3D printer. This is very useful, for example, for 3D printing different materials
with the same 3D printer. Some default values are conőgured poorly, for example, the extruder speed is too
high by default and this leads to problems with the pre-conőgured printing bed roughness.
3.2.6.4 Usability of Skeinforge
Skeinforge has only a GUI for the settings. It provides a command line interface that can be used by other
tools, for example, Repetier-Host [195] a host software for 3D printer. Skeinforge does not provide separate
proőles for different categories; however, it provides proőle switching for all settings.
The strength of Skeinforge is the huge amount of settings that enables advanced users to adapt the slicing
process in very high detail.
3.2.6.5 Usability of Slic3r
Slic3r has a simple graphical user interface as well as a command line interface. The view of the model is
very limited and the settings are kept simple. The interface is distributed in four tabs: Plater, Print Settings,
Filament Settings and Printer Settings.
Editing the model is difficult to get used to because of the complicated adjustment of the buttons. Slic3r
provides a 3D view of the edited or loaded model.
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A button which opens a window to show the model in 3D. It provides separate proőles for 3D print,
material and the 3D printer. In the advanced mode, Slic3r offers many detailed settings. There is also
a conőguration wizard for creating proőles for the most common 3D printers. Furthermore, the software
provides a 2D view of the object and a slicing preview mode, which renders the toolpath in both 2D and 3D.
In this preview mode, the user can inspect each layer to assess the slicing strategy.
3.2.6.6 Slicing Speed
This section examines the slicing speed of the slicing tools. First it is necessary to load the model, which is
commonly available as a STL őle (see Section 3.2.2.4), into the slicing tool. After loading the model, a proőle
can be selected or conőgured to slice the model. Because of the slicing, the G-Code of the loaded model will
be saved or generated. The described procedure to slice a model is a common procedure on the used slicing
tools, except on Cura. Cura slices the model and generates the G-Code of the model directly after loading
the model. After changing the proőle conőgurations, Cura slices again automatically.
Listed below is the duration of a slicing process of a complex model. The test model [434], by the name of
‘Dragons Egg’, is a complex model with more than 100000 vertices and 200000 faces.
• Cura: 15 seconds
• Slic3r: 32 seconds
• KISSlicer: 43 seconds
• Skeinforge: 100 seconds
3.2.7 Conclusion
In the introduction (Section 3.2.1) a set of goals and questions, for the investigation in this work are
formulated. The őrst goal is achieved by the deőnition of the individual specimens and associated metrics.
In addition, the second goal is achieved, as these specimens and metrics can provide a framework in which
3D printers and slicing tools are comparable in an objective manner. The third goal is achieved by the
experiment provided in the present study.
The formalisations and metrics are deőned in Section 3.2.4. The reproducibility of these metrics is tested
in Section 3.2.4.2. Based on this testing, the abilities of the slicing tools are evaluated in Section 3.2.5 and
Section 3.2.6. The inŕuence of the different slicing tools and slicing tool conőgurations were tested with the
following results:
• All slicers have similarly smooth surfaces for normal structures; however, KISSlicer and Slic3r presented
better handling of őne structural details.
• The quality of overhangs and bridges – slicing tools have a huge inŕuence on the quality of overhangs
and bridges. Slic3r has good support for bridging, whereas KISSlicer does not support bridging.
Cura has the best results in the Overhang Test. Furthermore, actively cooled overhang and bridge 3D
printing yields improved results.
• The overall precision of the 3D printed shapes and objects – all slicing tools achieved a good 3D
print precision for FDM 3D printing, with an average deviation of 0.2 mm. Usually the 3D printed parts
are larger than the original model because the molten plastic can deŕect. The slicing tools KISSlicer
and Slic3r have the best precision in the test model – approximately 80 % of the measurements have a
deviation below 5 %. In the reproducibility test, the deviations are shown to be reproducible.
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The results may vary under different circumstances like humidity, ambient temperature and other factors.
Further studies are required to show whether these ambient factors inŕuence 3D printing quality in any
signiőcant way.
The results are mainly from experiments on a RepRap-Mendel 3D printer. Other 3D printers need to be
tested with differing results expected. Comprehensive testing in the present study is infeasible due to the
large number of existing 3D printer models. Individual testing for speciőc use cases is recommended The
perceived problem of 3D printed parts exceeding the size of the original model requires further examination
to express a correlation between model and 3D printed object. For such an analysis and discussion, see
Chapter 7.
A solution to enable the aggregated storage of all information and őles pertaining to a speciőc 3D print job
has been presented in this chapter. This storage format aids in the collaboration and cooperation of 3D
printing. Furthermore, this chapter provides an analysis of the available slicing software, thus enabling users
to select appropriate slicing software for the application in FDM 3D printing. In Chapter 4, the design and
implementation of process monitoring methods is discussed, which is also information that must be stored
alongside the őle information and the proposed storage őle format caters for this storage.
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Process Monitoring in 3D Printing
This chapter addresses the issue of process monitoring in Additive Manufacturing (AM), speciőcally in
Fused Deposition Modeling (FDM) 3D printing. Monitoring the 3D Printing Process (3D-PP), i. e., the
fabrication of the physical object, is important to detect failures and errors in the machine, as well as to
enhance understanding of the 3D-PP.
4.1 Sensor Node Based Process Monitoring
In the őrst section of this chapter, the concept and development of a sensor node array is presented. These
sensor nodes gather environmental and physical states of the 3D printer during 3D printing.
4.1.1 Introduction
This section is based on the publication Baumann, Schön, Eichhoff, and Roller ‘Concept development
of a Sensor Array for 3D Printer’, in the Proceedings of the 3rd International Conference on Ramp-up
Management (ICRM), 2016 [54]. The author developed the core concept, performed the initial soft- and
hardware implementation, formulated the manuscript and presented the work.
The contribution described herein presents the design and implementation of a sensor array suitable for
3D printers. The array includes sensors for motion/vibration, temperature, orientation and hygrometry. It
is designed as an easily deployable, wireless sensor client-server system. Aggregated sensor data and print
related data enable research on inŕuencing ambient factors and quality control of the 3D-PP. The wireless
connectivity enables the system to be incorporated in other manufacturing machinery with and on movable
parts. Sensor data from a 3D printing run must be stored with the rest of the information for a speciőc
3D print, e. g., the original model őles or the constructed G programming language (G-Code). The storage
format discussed in Chapter 3 provides such a capability. The sensor and monitoring data, can enable the
analysis of a 3D print run to identify problems with parameter selection or hardware issues.
During the 3D-PP, errors can occur that lead to failed 3D prints resulting in lost time and wasted
material [82, 111].
Consumer-grade 3D printers do not detect 3D print failures as they are designed mostly without feedback
mechanisms. These 3D printers can be understood as stationary robots with an extrusion gantry that
follows the pre-planned toolpath and extrudes material where the programming indicates. Missing material,
detachment of the 3D print object or deviations from the model [41] are not detected by the 3D printer,
see also Section 4.2. Missing material ŕow is only detected by some 3D printer hardware e. g., MakerBot’s
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SmartExtruder [278] and SmartExtruder+. 3D print failures can be detected visually by inspection or remote
supervision using video cameras [37, 387], acoustic emissions [470] or sensor data [470]. Providing additional
modular sensor nodes to the 3D printer can help in early detection of deviations from the intended 3D
print [344]. In the present study, a low-cost, modular sensor array is presented. This sensor array can be
added to consumer-grade 3D printers. Such devices can be commonly found in end-user settings, in Fab Labs,
or in universities for teaching and research purposes. These sensor nodes can also form the basis for smart
services, as proposed in Falkenthal et al. [138].
These sensor nodes can help in researching the inŕuence of the speciőc machine code (G-Code) on the
quality of 3D prints by observing the 3D-PP. As this type of machine is not regularly equipped with a
climate control chamber for 3D prints, environmental factors such as temperature and humidity are often not
recorded for further inquisition into errors, failures and normal 3D prints. Additionally, this sensor array
is intended to evolve into a system capable of actively controlling the 3D print as a closed-loop system.
In this research, the concept and design of the sensor array is described. Furthermore, the creation of a
prototypical implementation is documented. This work is not őnalised because the sensor array is modiőed to
accommodate changing requirements and improvements, as well as software components and sensor placement.
For this work, the following two research questions are formulated:
1. How can sensor arrays be designed cheaply and in a modular manner for the use in Fused Filament
Fabrication or Free Form Fabrication (FFF) 3D printer scenarios so that the sensor data is of high
quality for enquiries on the 3D-PP and its failures?
2. What are the necessary requirements for a sensor system that can actively control a FFF 3D printer for
higher reliability and higher quality 3D prints?
For the őrst research question, the requirements of the system are deőned as:
• Cost-sensitive, as multiple sensor nodes per 3D printing resource are to be deployed.
• Modular, as various sensors are to be deployed depending on the research requirements. This has to be
reŕected in soft- and hardware.
• Small, as the sensor nodes are to be deployed on the printhead, which has high geometric restrictions.
• Wireless, as the sensor nodes are also intended for machines with rotary parts.
The implementation of the prototype is performed on a MakerBot Replicator 2X 3D printer, with sensors
for vibration, magnetic őeld orientation and strength, temperature, dust particles and humidity.
The remainder of this section is structured as follows: In the Section 4.1.2, the related research is brieŕy
discussed. The selection of the related work is focused on Quality Assurance (QA) and process control of
FDM 3D printing. The methodology applied to this research is presented in Section 4.1.3 and Section 4.1.4
describes the available hardware that the prototype implementation is based on.
Following in Section 4.1.6, the implemented architecture of the sensor system is presented. In Section 4.1.7
the results from the prototype are discussed and problems encountered with this system are presented.
Following, in Section 4.1.9 possible use cases are presented. In Section 4.1.8 applications for the sensor nodes
are discussed.
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4.1.2 Related Work
This section reviews contemporary work that is related to in situ quality assessment and failure detection
of the FDM 3D-PP. In recent work of Rao et al. [344, 345], a similar sensor system for the online analysis of
3D printing quality in an experiment is proposed. In this work, a non-parametric Bayesian Dirichlet Process
mixture model and Dempster-Shafer Evidence Theory is applied for a heterogeneous set of seven sensors
attached to a 3D printer. The authors detect 3D printing failures in real time with an accuracy rate of 97 %.
In [344], they present a suitable approach to detect 3D printing states based on sensor data.
Ballyns et al. [37] utilise Magnetic Resonance Imaging (MRI) and Micro Computer Tomography (µCT)
for the assessment of FDM 3D printed moulds for medical use. In their study, they also analysed the parts
with a laser distance sensor for height mapping of the object. These techniques are not directly suited for
online quality assessment, albeit the laser distance scanner can be coupled with the printhead for direct
measurement. The authors did not apply their work for failure analysis but for geometric ődelity analysis.
As part of the 3D printing service User Interface (UI), Ludwig and Pipek [269] describe Arduino based
sensors integrated into a UI. These sensors are part of the user’s dashboard for online 3D print supervision.
The focus of their work is on the concept of appropriation of 3D printing and not the quality aspect or
supervision of 3D printing.
In their technical report, Canoso et al. [97] display the selection criteria for small embedded sensor systems
and related platforms. Their focus is on wireless transmission of accelerator data.
In Lott et al. [266], the authors describe an optical supervision system for another AM technology. This
system provides necessary information for a closed-loop process control system.
Similar work is described by Craeghs et al. [113] on Selective Laser Melting (SLM) for the purpose of
process monitoring.
For Electron Beam Melting (EBM) manufacturing, Dinwiddie et al. [125] propose an optical system for
layer-wise process monitoring with the aim of process control. The majority of recent research is in the state
of working prototypes without actively controlled processes and speciőc for a class of AM machinery.
4.1.3 Methodology
For the selection of appropriate sensors and components for the present study, the method described
in [188] is utilised with some alterations. The proposed method is tailored for Internet of Things (IoT)
systems, which this setup is. The methodology that is pertaining to this research is described in the following
four steps:
1. Deőne requirements, goals and restrictions.
2. Evaluate existing computing platforms, sensors, and protocols.
3. Select best match from evaluated platforms, sensors, and protocols.
4. Implement hardware and software in parallel.
In the őrst step, the requirements, goals and restrictions are compiled, based on the project goal, which
is to have a sensor array setup capable of capturing sensor data during a 3D print for state detection and
post-mortem analysis. The requirements can be contradictory to each other, with the system designer having
to select the best match. The restrictions are either external (e. g., size restrictions) or can be internal and
systematic (e. g., limited Inter-Integrated Circuit (I2C) address space).
In the second step, a selection of existing computing platforms (i. e., micro controllers and microcomputers),
sensors and multi-sensor boards and protocols is compiled from the literature and other sources available on
the Internet. The protocol selection is inŕuenced by the capabilities of the listed computing platforms.
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The third step is based on the previous step and, for the present study, tables with component speciőcations
and capabilities are compiled, as well as restriction tables for visual aided component selection.
In the fourth step, the selected components are integrated and the underlying software components (i. e.,
database adaptors, őlters, aggregators and analysis/visualisation software) is developed. The fourth step is
iterated with repetition of the second and third steps for incremental improvement.
4.1.4 Hardware
A precondition for the proposed sensor nodes is mountability as a supplement to existing 3D printers. This
limits the package size due to geometrical restrictions of the 3D printer, especially for the sensors that are
located at the printhead and the printing bed. The size limitations are 9 × 25 × 40 mm for sensor nodes
for the printhead and 13 × 75 × 101 mm for sensor nodes attached to the printing bed – for the research
3D printer (MakerBot Replicator 2X ). No size limitations exist for externally mounted sensors. Externally
mounted sensors or sensors that are not mounted on rotary parts can be powered by cables. For the use
in 3D printers, no rotary parts are present. Attachment on rotary parts is intended for future use cases in
milling machines. The attachment of the sensor nodes on the 3D printer is restricted by the capability of the
sensor to detect valid sensory inputs. Placement of sensors is required to be rigid and stable for the sensor
nodes not to detach during operation. Sensor node attachment must also be non-permanent as the system is
designed for ŕexibility.
Besides the restrictions laid out above in the introduction, another goal is to incorporate open soft- and
hardware to ensure effortless future modiőcations and maintenance.
The system design’s modularity and ŕexibility requires a carrier platform that enables ŕexibility and
wireless connectivity. Various existing platforms are a suitable base for the sensor node. These platforms
can be divided into a) small computers and b) micro controllers. The latter can be further divided into bare
micro controllers and micro controllers with prototyping infrastructure. In an initial step, the limitations and
beneőts of the following platforms are compared.
• Raspberry Pi [346]: High computing power but does not meet size restrictions.
• BeagleBone Black [61]: High computing power, real time capable but does not meet size restrictions.
• Arduino (Uno) [24]: Sufficient computing power, does not meet size restrictions, non-native wireless
capability.
• Arduino (Nano) [22]: Sufficient computing power, does not meet size restrictions, non-native wireless
capability.
• RFDuino [355]: Sufficient computing power, low power consumption.
• JeeNode [462]: Sufficient computing power, does not meet size restrictions.
• ESP8266 [136]: Sufficient computing power, small form factor, cheap.
Table 4.1 provides a detailed comparison of the properties of the selected platforms.
The ESP8266-12E platform is chosen for this study, as it őts the requirements and constraints best. The
system is available in large quantities from a wide range of vendors for a very low price, thus enabling a high
number of sensor nodes per application or machine. Additionally, this platform is supported by a large group
of developers and users ensuring adequate support.
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Available sensors can be categorised as follows:
• Environment/ambient factors
– Temperature
– Pressure
– Volatile Organic Compounds (VOC)
– Magnetic őeld strength and orientation
– Hygrometry
– Sound level/loudness
– Brightness
– Gas
• Power related factors
– Power
– Voltage
– Current
• Resistance (of parts, e. g., printing bed, extrudate)
• Distance/Range (of movable parts within the 3D printer)
• Acceleration
• Object deformation (e. g., bending or stretching)
Name Wireless Inter-
face
CPU/MCU Form Factor (mm) Power Consump-
tion
Raspberry Pi 2
model B
802.11g ad-
aptor
900 MHz ARM
Cortex-A7
85.6× 56.5× 21.2 800 mA
BeagleBone Black 802.11g ad-
aptor
1 GHz ARM
Cortex-A8
86.36× 53.34× 18.7 430 mA
Arduino Uno N/A 16 MHz AT-
mega328P
68.6× 53.4× 13.0 46.5 mA
Arduino Nano N/A 16 MHz AT-
mega328P
45.0× 18.0× 3.5 20 mA
RFDuino Bluetooth 16 MHz ARM
Cortex-M0
22.86× 28.95× 18.4 12 mA
JeeNode ISM Band 16 MHz AT-
mega328P
85.9× 21.1× 9.9 35 mA
ESP8266 12-E 802.11g 80 MHz Tensilica
Xtensa LX106
24.0× 16.0× 3 145 mA
Table 4.1.: Platform Overview
For the initial selection of sensors suitable for use in the sensor nodes, Table 4.2 is compiled. In this table,
abbreviations of Temp. for temperature, Acc. for acceleration, Hum. for humidity, Gyr. for gyroscope, pres.
for pressure and Mag. for magnetic are used. These abbreviations denote the respective type of sensor utilised.
In this őrst iteration, various low-cost sensors are examined and checked for őtness with the constraints and
requirements. Integrated sensor boards are selected for easier assembly. Later iterations are to be developed
as custom printed circuit board (PCB), with sensor modules mounted directly. In the following Figure 4.1,
the compatibility of sensors is displayed.
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Figure 4.1.: Sensor Compatibility Matrix
The dust sensor GP2Y1010AU0F is omitted as it exceeds the space requirements for internal sensor nodes.
Furthermore, a rotary sensor to capture data on the őlament ŕow is omitted in the matrix as this sensor
(KY-040 ) is intended for a special sensor node capturing őlament ŕow. Green or shaded cells (indicated by
o) indicate a compatibility between the sensors listed in the respective row and column, yellow or white cells
indicated with p reŕect the partial incompatibility between the sensors by an overlap of at least one I2C
address of the involved sensors with changeable I2C addresses.
Red or black cells indicated with i reŕect the incompatibility of the sensors due to overlapping I2C addresses
that are not changeable in the sensor. From the matrix, one of the multi sensors (GY-80, GY-81, GY-85,
GY-87, GY-88 ) is selected őrst and combined with a sensor board that is of further interest.
A combination of GY-80 and GY-87 with other multi sensor PCBs is not possible. The combination of
GY-81 and GY-85 yields an overlap of the HMC5883L magnetic sensor as well as an overlap in the detection
capability of acceleration data. In an initial testing phase, the following sensors and sensor carriers were
selected:
As sensor carriers Arduino Mega2560 [23], Teensy [400], Arduino Leonardo [25] and ESP8266-12E are
tested, as the dimensional requirements for sensors mounted on the outside of the 3D printer are relaxed to
arbitrary values. As sensors GY-29, GY-45, GY-61, GY-80, GY-85, GY-88, GY-271, GY-521, KY-040, and
GP2Y1010AU0F are tested for suitability with the sensor nodes.
90
4.1 | Sensor Node Based Process Monitoring
Model Type Size (cm) Sensor(s) I2C Ad-
dress(es)
Price (ca. in
€)
GY-21 Temp. + Hum. 1.05 × 1.31 ×
0.31
HTU21D-F 0x40 10
GY-29 Acc. 2.40 × 1.90 ×
0.30
ADXL345 0x53 5
GY-30 Light 3.26 × 1.51 ×
0.30
BH1750FVI 0x23/0x5C 1.7
GY-31 Colour 3.32 × 3.32 ×
0.25
TCS3200 Analog 2.5
GY-45 Acc. 1.45 × 2.05 ×
0.30
MMA8452 0x1D 3.5
GY-50 Gyr. 2.30 × 2.30 ×
0.33
L3G4200D 0x69 2.5
GY-61 Acc. 1.57 × 2.03 ×
0.12
ADXL335 Analog 2
GY-63 Pres. 1.90 × 1.33 ×
0.30
MS5611 0x79/0x77 10.5
GY-68 Temp. + Pres. 1.40 × 11.0 ×
0.28
BMP-180 0x77 2.8
GY-80 Gyr. + Acc. +
Mag.
2.60 × 1.71 ×
0.35
L3G4200D,
ADXL345,
HMC5883L
0x69, 0x53,
0x1E
20
GY-81 Mag. + Temp.
+ Pres. + Acc.
+ Gyr.
2.60 × 1.60 ×
0.20
HMC5883L,
BMA180,
ITG3205,
BMP085
0x1E, 0x40,
0x68/0x69,
0x77
18
GY-85 Gyr.+Acc. +
Mag.
2.12 × 1.68 ×
0.30
ITG3200,
ADXL345,
HMC5883L
0x68/0x69,
0x53, 0x1E;
8
GY-87 Acc. + Mag. +
Temp. + Pres
1.70 × 2.20 ×
0.30
MPU6050,
HMC5883L,
BMP180
0x69, 0x1E,
0x77
10.5
GY-88 Acc. + Mag. +
Pres.
2.15 × 1.75 ×
0.29
MPU6050,
HMC5883L,
BMP085
0x69 9
GY-271 Mag. 1.48 × 1.35 ×
0.35
HMC5883L 0x1E 1.2
GY273 Mag. 1.39 × 1.82 ×
0.28
HMC5883L 0x1E 1
GY-291 Acc. 2.05 × 1.61 ×
0.31
ADXL345 0x53 1.5
GY-511 Mag. 2.20 × 1.50 ×
0.30
LSM303DLHC 0x19 4
GY-521 Acc. 1.60 × 2.12 ×
0.30
MPU-6050 0x69 2
GP2Y1010AU0F Dust 4.60 × 3.00 ×
1.76
GP2Y1010AU0F Analog 12
Table 4.2.: Sensor and Sensorboard Overview
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4.1.4.1 Updated Hardware Implementation
Besides the implementation presented in this section, an updated sensor node design is developed, based
on an ARM Cortex-M0 – STM32F072C8 – microcontroller unit (MCU) [399]. This design is based on a
custom-made PCB and features a microphone for the research of acoustics-based state detection. In the
following two őgures, Figure 4.2 and Figure 4.3, the front and back view of the realised sensor node is shown.
The system is developed as part of a student thesis, see Section 9.3.
Figure 4.2.: Updated Sensor Node – Front view – Board Courtesy of M. Sparmann
Figure 4.3.: Updated Sensor Node – Back view – Board Courtesy of M. Sparmann
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4.1.5 Power Calculation for Sensor Node
The sensor node is designed to operate wirelessly and requires a portable power supply with a minimal
geometric footprint. The sensor nodes are powered with Lithium-Polymer (LiPo) battery packs, which provide
400 mAh at 3.7 V at a weight of 9 g and a form factor of 0.5× 2.5× 3.5 cm. A theoretical maximum run
time for this setup is calculated by:
RunTime :=
170mA(TX in 802.11b) + 10mA(Sensor) =
180mA× 3.6V = 648mW
400mA(in Battery) ∗ 3.7V = 1480mW
1480mW = 648mW
= 2.283 h (4.1)
The power measurements performed indicate that the real power consumption is lower than the theoretical
value, thus enabling run times longer than two hours. 3D printing objects can last up to 20 hours or longer
depending on the complexity and size of the object. With the current setup, supervision and data acquisition
of long lasting 3D prints is not possible. Larger battery packs can be used to enhance sensor node run time;
however, there are limited possibilities for placement due to size restrictions. Additionally, restrictions for
operational temperatures must be adhered to. Added weight to the printhead changes the behaviour of the
3D printer as the motors are designed for a speciőc weight.
4.1.6 Architecture
Based on the initial test setup, a system design with multiple modular sensor nodes attached to a dispatcher
system via Wi-Fi (Wi-Fi) (IEEE 802.11b) is proposed. An overview of this architecture is presented in
Figure 4.4. Within this system, the dispatcher is responsible for acquiring data over the air interface, sent from
the sensor nodes. The expected sensor data acquisition rate of 200 Hz results in a 13.48 Kibibyte(KiB)/s data
transfer rate. On average, the sensor nodes are equipped with two sensor PCBs, with each PCB containing
one to four sensors. Each sensor provides 10 to 14 bit data resulting in a maximum of 14× 4× 2 = 112 Bit
data per measurement, with an additional overhead of 3 bit sensor identiőer, 4 bit sensor node identiőer and
12 bit timing information.
Hence, total data per measurement is estimated at a maximum of 112+3+4+12 = 131 bit per measurement
at a rate of 200 Hz resulting in 26200 bit/s or 3.198 KiB/s. Utilising raw TCP/IP over IEEE 802.11 [224] adds
20 bytes (Layer 3) and 32 bytes (Layer 2). By sending every measurement on occurrence, 69 bytes are sent
each, resulting in 13.48 KiB/s for each sensor node as a maximum. This is well below 11 Mbps (Megabit
per second) or 1342.77 KiB/s. Alternatively, sensor data can be cached on the sensor node. The ESP8266
provides 80 KiB of Dynamic-Random Access Memory (DRAM) which can hold approximately 5850 sensor
samples or 29.2 s of sensor data at an acquisition rate of 200 Hz. By using local caching, the capability of
(near) real time data processing for active control is lost.
For the application of the sensor nodes, the highlighted positions in Figure 4.5 within and attached to
the 3D printer are selected. Position 1 on the printhead is the most space sensitive placement required to
capture sensor data from the movement of the printhead (see Figure 4.7 for a sensor node placed at this
position). Position 2 is between the underside of the printing bed and the printing bed carrier. This position
is height restricted and a sensor node can not be attached to the printing bed directly due to limitations of the
sensors operational temperature range as the printing bed is heated to approximately 110 °C for acrylonitrile
butadiene styrene (ABS) 3D prints. Position 3 is on the outside of the 3D printer and is intended to measure
93
4 | Process Monitoring in 3D Printing
Figure 4.4.: Architecture Overview of Sensor Node System
vibrations of the 3D printer frame. Position 4 is on top of the 3D printer and is intended as the placement
for the dust particle sensor to research particulate matter emitting from the 3D printer during 3D printing.
Position 5 is located on the back of the 3D printer, where the őlament spools are and is intended to measure
őlament ŕow utilising a rotary sensor.
The programming of the system is performed in C for the sensor nodes and in Python for the dispatcher.
The system is implemented in standalone mode, where data is stored either on the dispatcher locally in a
database or using a remote Web service. The intended use case for these sensor nodes (see hardware depicted
in Figure 4.6) is within a remote 3D printing service that provides 3D printing capabilities to users on remote
3D printing resources. See Section 5.1 for the presentation of such an integration.
Within this use case, the sensor nodes are integral as they supervise the 3D-PP and allow the 3D
printing service to control the 3D-PP based on the data provided. Furthermore, the sensor data is enhanced
by acquiring internal state data from the 3D printer and correlation of this data to the sensor data. In case
of a change of the sensors added to a sensor node, the ESP8266 chip is reprogrammed using an adopter that
connects to the respective pins on the PCB in the casing.
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(a) Front (b) Left side
Figure 4.5.: Sensor Node Placement Positions – Front view on the Left, Side view on the Right); Schematics
adapted from [275]
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4.1.7 Preliminary Results
With the initial design of the sensor nodes (see Figure 4.6 for the implemented hardware node with a
GY-85 sensor attached), results from a test set is captured. The set consists of őve different patterns in two
variations. A total of 100 specimens are 3D printed.
Figure 4.6.: Sensor Node Hardware with GY-85 Module on Millimetre Scale Background
Further data from other 3D printed objects, results in a total of 159 test data sets. From the 3D print runs,
there are 86 out of 159 (54.08 %) with complete data, 70 (44.02 %) with partial data and 3 (1.88 %) with
failed data acquisition. Data acquisition rates ranged from 131 Hz to 391 Hz with an average rate of 330 Hz.
Data acquisition rates depend, in this case, on the utilisation of the system processing and storing the
acquired sensor values. For all sensors, noisy data can be seen, with the GY-61 (ADXL 335 ) sensor providing
high-frequency noise throughout data acquisition. The ADXL 345 sensor placed on the printhead (see
Figure 4.5 Pos. 1 ) delivers high frequency noisy data for X- and Y-directions when 3D printing. The ADXL
345 sensor data does not provide an indication on the quality of the printhead’s movement, only on the fact
that it is moving.
For the present study, data őltering and smoothing is not implemented as this leads to reduced data rates.
Post-processing data őltering using a low-pass Fast-Fourier Transformation (FFT) is implemented and yields
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Figure 4.7.: Sensor Node Placement between Heaters on printhead
less-noisy data (see Figure 4.8 and Figure 4.9 for a sample set of original and őltered sensor data from an
ADXL 345 sensor mounted at the printhead).
Figure 4.8.: FFT-Lowpass Filtered Data from ADXL 345 sensor on printhead
From the datasets, 3D printing times for different objects, based on the sensor data for movement of the
printhead and a-priori knowledge of the 3D-PP, can be deduced. Knowledge necessary for deduction is
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Figure 4.9.: Original Sample Data from ADXL 345 Sensor on printhead
movement of the printhead during warm-up of the extruder and movement to parking position on completion.
From the dust particle sensor, no particulate emission during the 3D-PP can be detected.
In Figure 4.10 and Figure 4.11, sensor data from a 3D print job is depicted. The data is annotated with the
3D printing time. The sensors for this data are placed on the printhead/Position 1 and on the structure of
the 3D printer/Position 3. Both őgures (Figure 4.10 and Figure 4.11) depict data from acceleration sensors
(MPU6050 at Position 3 and ADXL345 at Position 1 ). The 3D print job is for a specimen for the experiment
described in Chapter 7.
During the test series, the following problems were encountered:
1. Availability of Universal Serial Bus (USB) devices (especially Teensy) in Linux is questionable as they
often fail to initiate.
2. Programmatic detachment and re-attachment of USB devices in Linux does not work as predictably as
required, which leaves devices inaccessible and requiring manual intervention.
3. Space requirement for test runs: Files are large for long 3D prints, which can lead to problems due to
őle system restriction. For easier integration into this post-processing pipeline, data is currently stored
as text and not binary.
4. Noisy sensor data.
5. Detection of failed sensors is not implemented. Auto calibration is not available for all sensor types.
6. State detection is possible for a human experimenter. Programmatic state detection requires machine
learning, which is a goal of future research.
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Figure 4.10.: Acceleration Sensor Data with 3D Printing Time Indication – Position 1/Printhead
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4.1.8 Application
The goal with this research is to provide an environment for evaluation and experimentation of 3D printers,
and the associated research questions such as the inŕuence of speciőc G-Code structures on vibration. With
such sensors, the aim is for quality inference from environment variables and machining variables (i. e.,
temperature, vibration of the machine and humidity).
The application of the presented sensor nodes exhibits potential for:
1. State Detection: Current research on machine and object state detection for 3D printing relies on
various input factors, ranging from video information to sensor data as described in Section 4.1.2. With
low-cost, modular sensor nodes, the data basis for this state detection can be enhanced. In the present
study, further indicative factors for state determination, which support existing theories, are identiőed.
2. Research on AM: Research on AM needs a strong experimental and theoretical base. This work
provides experimental support for work on AM machine design, AM movement strategy and material
research. With the adaptive, ŕexible and non-intrusive sensor nodes, researchers can add these to their
experiments and acquire comparative data.
4.1.9 Discussion and Conclusion
A system of low-cost, modular and ŕexible sensor nodes for application on 3D printers is being developed.
The architectural and design decisions for this system are discussed. These sensor nodes can be utilised
for research on AM of FDM 3D printed objects from consumer-grade 3D printers. Further uses include
integration in 3D printing services as a means of remote supervision. From remote supervision, the next
iteration aims for direct control of the 3D printer. The sensor nodes can enable users to gather sensorial
data on the 3D-PP for better understanding on the inŕuencing ambient and machine-inherent factors during
3D printing. From the 159 test runs performed, it is possible to distinguish the machine state between 3D
printing and not-3D printing. Errors encountered during the design and implementation of the sensor nodes
are discussed with possible solutions provided. Through this experiment, a large data set was acquired. This
data will eventually become historical data providing insight on the performance of the 3D printer during its
lifetime.
For the second research question, it can be stated that the sensor data must provide reliable and clear
information on the status of 3D printing. This is not possible in the present study and is the basis for further
research and improvements.
The implemented sensor nodes described in this section provide information from sensors of the 3D print.
In Section 4.2, this information is enhanced by accumulating video information and state information via
computer vision, which can be aggregated with the rest of the information from a 3D print run. The data
from sensors and video data enable a more comprehensive monitoring and evaluation of the 3D-PP.
4.2 Computer Vision Based 3D Printing Process Monitoring
3D printers can fail to 3D print objects at a statistical rate, depending on the make and model of the
3D printer. Failures can occur because of misalignment of the printing bed, the printhead, motor slippage,
material warping, lack of adhesion or for other reasons. The goal of this section is to provide a method and
environment to detect these failures and errors automatically.
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4.2.1 Introduction
This section is based on the publication Baumann and Roller ‘Vision based error detection for 3D printing
processes’, in the Proceedings of the 2016 International Conference on Frontiers of Sensors Technologies
(ICFST), 2016 [49].
The author developed the core concept, contributed to the implementation and the manuscript, supervised
and managed the project and presented the work.
The contribution of this section is the classiőcation of errors in FDM 3D printing and the concept,
development and testing of a system to automatically detect the stated errors. The system is based on
inexpensive video cameras and computer vision algorithms for the object detection and, through this, state
identiőcation. Along with the data produced by the sensor nodes, as described in Section 4.1, this video data
can enable a more comprehensive evaluation of the 3D print. The video data can be stored using the storage
őle format discussed in Chapter 3. Furthermore, this state detection mechanism is implemented in the 3D
printing service that is presented in Chapter 5.
Contemporary consumer-grade 3D printers are often cube-shaped, with a size in the range of 50 cm edge
length. This is because of the mechanics surrounding the build area, that is on average 15× 15× 15 cm in
size for consumer-grade 3D printers. With a weight of approximately 10 kg, they could be placed on the
desk of the user; however, they are recommended to be placed away from the user due to potentially harmful
fumes emitting during the 3D-PP.
As it is recommended to utilise the 3D printers in rooms different than the workplace of the user, direct
supervision is inhibited. 3D printing errors [21, 74] occur for the following reasons:
• Misalignment of the printing bed.
• Misalignment of the nozzle.
• Clogging of the nozzle.
• Depletion of 3D printing material or disrupted material ŕow.
• Lack or loss of adhesion to the printing bed.
• Vibration or shock (from the 3D printer or another source).
Misprints need to be reduced because they consume material and occupy the 3D printing device for long
periods of time without producing a useful object. This reduction is the goal of the present study. 3D
printing times on FDM machines can range up to 20 hours for sufficiently complex and large objects.
To alleviate the supervision problem, users and manufacturers place video cameras (Web cams) in or at
the 3D printer to facilitate remote supervision capabilities. Other error detection approaches facilitate laser
scanners [37, 113], currents [234] or thermography [242]. This can help to receive information on potential
problems and to assess the 3D printing progress remotely; however, it requires the user to watch the video
stream either constantly or in intervals to retrieve information on problems and errors. The goal is to
support the user in detecting 3D printing errors by utilising computer vision [238]. The beneőts of this are
reduced material waste, reduced occupancy of 3D printing resources due to early detection of 3D print errors,
prevention of completion of the 3D-PP for ŕawed or broken objects and reduced time effort for the end user
due to the alleviation of the need for constant supervision.
For this approach, consumer-grade video cameras are utilised. These cameras are mounted in front of the
3D printer (MakerBot Replicator 2X [275, 331]). Video analysis software is employed for the analysis of the
video stream. This contribution describes the design decisions and the foundations for this system.
This work is structured as follows: In the őrst section, the problem and motivation for this approach is
described by displaying the consequences of the problem. In Section 4.2.2, the error classes present in this
area are described. From the general error classes, a subset is selected and explained to be addressed with
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this approach. In the following Section 4.2.3, the approach to visual error detection in FDM is described.
Section 4.2.4 displays the results from the experiment conducted to validate this approach. In Section 4.2.5,
the approach is discussed from the software side and this section concludes with Section 4.2.6.
4.2.2 Error Classes
To provide successful error detection, it is important to deőne the errors to be encountered beforehand.
Error classes that are detectable with this approach are then identiőed. From the őve error classes deőned,
errors that are from class one, two and three are detectable with this approach and the implemented system.
Errors from class four and őve are not detectable, due to their complex nature. Error classiőcation for FDM
3D printing is lacking in the related literature.
4.2.2.1 Detachment
Figure 4.12.: Vertical Movement due to Detachment of Object from Printing Bed
The most prevalent error, and the easiest to detect, is the detachment of the object from the printing
bed. The object must not detach for the object to be 3D printed successfully. In Figure 4.12, this error
is presented in two sketches. The striped rectangle with rounded corners represents the object to be 3D
printed and is attached to the printing bed (represented by the thick black bar below the object). In a 3D
print without errors, this object is őrmly attached to the printing bed and does not move in any direction
relative to the printing bed. The 3D printer in this approach has a printing bed that has one degree of
freedom in the Z-direction (height) and a printhead with two degrees of freedom in the X and Y directions
(left/right and forward/backward). Other conőgurations of 3D printers might need an adjustment because
the printing bed is able to move in two dimensions.
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In this sketch, the detachment is visible as the object has moved to the right and the original position
is marked with dashed lines. The displacement between the original and the actual position is called the
displacement error. In [452], this error type is described as a result of material warping. This error type/class
can occur:
• When the temperature of the printing bed ŕuctuates and the object cools non-uniformly.
• When the printing bed is not adjusted and calibrated and therefore the distance between the nozzle
and the printing bed varies.
• When the printing bed is uneven or the printhead, respectively the gantry, is mounted uneven. Uneven
mounting results in varying distance of the printhead to the printing bed which can lead to contact
between the printhead and the printing bed or object.
• Due to vibration or shock that detaches the object.
4.2.2.2 Missing Material Flow
With this error type, the thermoplastic does not ŕow through the nozzle of the printhead; therefore, the
printhead moves along its predetermined tool path without extruding the őlament. The height of the object
stays constant and the object moves downwards along the Z-dimension of the printing bed.
Figure 4.13.: Missing Material Flow from the Extruder Nozzle
The object is and remains incomplete. If the material ŕow is interrupted only temporarily, the object will
be 3D printed defective as part of one layer, a complete layer or more layers of material are missing. If the
material ŕow is interrupted only brieŕy, the object might be 3D printed completely, with only minor defects,
as layers can compensate for missing lower layer parts to a small degree. In [470], this error is detected using
acoustic emissions from the 3D printer. This error type is depicted in Figure 4.13. The object is displayed
as a striped rectangle with rounded corners, the printing bed is shown as the thick black line below the 3D
printing object and the printhead or extruder is displayed as the white rectangle with a striped pentagon
below. The upper part of the sketch shows the case where the object is 3D printed normally, without errors
and the extruder is adjacent to the object. The lower part shows the case where the material ŕow has stopped,
the extruder does not touch the object anymore and moves along its tool path. In the lower case, an abort
signal can be sent to the 3D printer as this error is not recoverable.
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This class of error can occur due to:
• Clogged nozzle/extruder.
• Air-bubbles in the extruder.
• Jammed material (e. g., őlament string is broken or the extruder motor cannot grip the őlament for
transportation into the nozzle).
• Depleted material.
4.2.2.3 Deformed Object
As a further error class, deformed objects that are not 3D printed according to their Computer Aided
Design (CAD) template are described. These errors can occur at areas with an overhang or at bridges,
as described in [445]. Overhangs and bridges are sections of the object where parts of the lower layer are
intentionally missing. The 3D printer extrudes material into the air, spanning a path between two points
with lower layer support (in the case of a bridge) or over the edge of a lower layer supporting material (for
overhangs).
For bridging, the 3D printer tries to compensate by moving at higher speeds; however, sagging usually
occurs for longer bridges due to gravity. When 3D printing a őligree or unstable structure or when the 3D
printing parameters that are chosen unsuitable for the supporting structures, the object can topple over (with
or without partial detachment from the printing bed) or collapse.
Following this, the object is either pushed aside and around by the extruder if detached from the printing
bed or the extruder cannot position itself at the correct position to complete the object due to missing layers
and adhesion points. The object or parts of the objects can, in this case, become stuck to the extruder and
be partially re-molten. The extruder keeps extruding material that forms a clot around the nozzle, requiring
extensive cleaning or maintenance of the extruder. This error class has features from the error classes of
missing material ŕow (Section 4.2.2.2) and loss of adhesion from the printing bed (Section 4.2.2.1) and,
therefore, can be detected utilising methods designed for them.
4.2.2.4 Surface Errors
This error class is easily detectable for human users but hard for computer vision systems. This class
encompasses errors that manifest themselves in unclean, broken or in other deviating surfaces from the model.
FDM 3D printing has by design, a problem with smooth surfaces and sharp structures. In [103], the reasons
and occurrences of this error class are discussed. Smooth surfaces are not possible as the material is deposited
in rows by the extruder, either overlapping partially or with a gap. Sharp structures are not possible due to
the thickness of the deposited material that can be regarded as string-like. See Figure 4.14 for a schematic
view of this issue, where the machine path is depicted as a black line, with the actual extruded material
in blue with 50 % opacity. Overlapping path segments are indicated by a more intense blue colour. These
overlaps are extruded with more material, as they are part of the extrusion part at least twice. The corners
cannot be őlled at a 90° angle, as the material extruded has no sharp, acute boundaries.
These errors stem from a mismatch between the chosen parameters for slicing and 3D printing and geometry
of the object. 3D printing őne structures with high speeds is error prone.
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Figure 4.14.: Machine Instructions/Path and Extruded Material
4.2.2.5 Deviation from the Model
This error is hard to detect automatically, as the object is 3D printed without any of the previously
mentioned errors, but differs from the model (i. e., template), in size or structure. In [302], this error class is
discussed as appropriate test objects are analysed and proposed. The object does not exhibit obvious ŕaws
and is 3D printed successfully. This error class can occur when the user is using unsuitable parameters for
slicing and 3D printing. User actions such as erroneous scaling or rotation can also lead to these errors, as can
errors, due to shrinkage or warping when cooled. To detect these errors, the object needs to be compared to
the model. There is a problem in acquiring a 3D representation of the object while 3D printing, as rotational
3D laser scanners are prohibitive due to the common design of 3D printers. Inferring 3D geometry via multi
camera systems is possible; however, this is expensive due to the multitude of angles that need to be analysed
for a complete 3D geometry that is suitable for comparison with the model.
As models can be őne detailed, a camera system with a high resolution is required and varying lighting
situations and coloured materials need to be taken into account.
4.2.3 Optical Error Detection
To detect errors from the error classes deőned in Section 4.2.2.1–Section 4.2.2.3, this work utilises an
auxiliary thresholding algorithm. With this algorithm, a segmentation of the digital image into binary images
is performed. This segmentation is performed to distinguish the object from the background. The algorithm
segments an image from a Playstation EyeCam [392] camera with an OmniVision [315] chip of resolution of
640× 480 pixel (px), into the object that is represented in white in the following images (see Figure 4.18).
This speciőc camera was chosen as it provides a őxed focus and is broadly available at low cost. High cost
systems can be inhibiting for utilisation by users of such systems. The frame rate is set to 25 Frames per
Second (fps), with the camera capable of providing up to 120 fps in reduced resolution.
The camera position is deőned to be in front of the 3D printer at a height of 290 mm from the same ground
as the 3D printer is on. The distance of the camera is set to 220 mm from the front of the 3D printer and is
centred.
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4.2.3.1 Camera Position Calibration
The system requires the geometry of the 3D printer and its relationship to the position of the camera
system to be known. Optical markers are utilised to determine speciőc parts of the 3D printer, see Figure 4.15,
and to derive the layout from them. Circular markers are utilised to determine a horizontal ground line
representing the printing bed.
The printhead is identiőed with a pair of circular markers horizontally aligned and the 3D printing nozzle
identiőed by the distance between the circular markers halved. With this information, the video frame can
be cropped to the area of interest to save computational effort.
Figure 4.15.: Visual Marker Positions
4.2.3.2 Thresholding
To segment the image into object (foreground) and background, a thresholding algorithm is utilised, with
a threshold parameter determined by the colour of the őlament The user is queried for a marking of the
object in a video frame. From the manual selection, the colour of the object is derived and the thresholding
parameter set. For the selection, the Hue-Saturation-Value (Colour Coding) (HSV) colour model is utilised.
This colour model is employed instead of the native Red-Green-Blue (Colour Coding) (RGB) colour model,
as the RGB colour model is unsuitable for stable detection of the object in changing lighting conditions and
when shadows are present on the object. The system also supports a thresholding colour selection with sliders
for a HSV combination in case the material stays constant for consecutive 3D prints.
4.2.3.3 Utilised Software
OpenCV [86, 317] in Version 3.0 and Python Application Programming Interface (API) is used, as this
software provides recent algorithms for image detection, manipulation and recognition. From OpenCV, the
packages GUI Features, Core Operations, Imaging Processing and Video Analysis are utilised.
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4.2.3.4 Algorithm
The algorithm is composed of the following steps:
1. Selection of thresholding value via in-picture colour selection or HSV combination selection via sliders.
2. Conversion of original RGB video frame to HSV.
3. Detection of visual markers for image cropping, i. e., reduction to the area of interest.
4. Thresholding of image to binary image with the selected threshold value.
5. Blob detection and marking of candidate object.
6. GOTO Step 2.
Step 1 is performed by the interaction of the user and ensures the appropriate thresholding value for further
image analysis. The original 640 × 480 px sized RGB image is converted into HSV for easier selection of
areas with the same colour. The system utilises two different methods to detect movement of the object,
differential imaging and blob detection.
The threshold parameters are user selected for every 3D printed object and, therefore, not subjected to
algorithmic selection.
Pre-Processing
For pre-processing, the image is examined and the area of interest is determined by analysing a set of
visual markers. An algorithm to derive the positions of the printing bed and printhead based on line and
edge detection was evaluated. This approach yielded poor results due to noise from colour grading of the
parts detected and the large number of parallel lines in the construction of the 3D printer.
Visual markers (see Figure 4.16) are utilised to indicate the signiőcant parts of the printhead and printing
bed, which are identiőed by the algorithm.
CV HoughCircles [484] are utilised to detect circular shapes in the image. To reduce the number of possible
false-positives, averaging of the circle position over a 100 frame period is employed. Circles that are outside
of a pre-deőned dimensional relationship with each other are also discarded to avoid false-positives [217].
With the visual markers identiőed and the image cropped to the area of interest, the algorithm determines
the printing bed upper surface by őnding associated parallel lines (CV CannyEdge Method) in a deőned
distance to a virtual line between the visual markers for the printing bed.
The nozzle tips are inferred from a known dimensional relationship between the visual markers and the
nozzle tip.
The pre-processing is composed of the following steps:
1. Detect visual markers.
2. Determine area of interest and crop to it.
3. Detect printing bed upper surface.
4. Detect printhead nozzle tip.
In Figure 4.16, the relationship between the markers is shown, with two false-positive circle detections. In
this őgure, the circle at the right-hand bottom side, and circle in the middle, that subtends the yellow line at
top of the 3D print object, are the misdetections.
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Figure 4.16.: (Top) Visual Markers and Control Points (Bottom) Cropped Area of Interest
Differential Images
Subtraction of two consecutive images (i. e., video frames) yields a differential image. The differential image
fdiff displays the temporal differences between two frames f1 and f2:
fdiff(x, y) = f1(x, y)− f2(x, y) (4.2)
More than two consecutive frames can be used to calculate differential images, leading to movement
detectable over longer periods of time.
This approach calculates fdiff from three consecutive images (ft−1, ft, ft+1, where t indicates a time
stamp). For the differential imaging, this yields an observable period of t = 3/25 s at a rate of 25 fps.
Stationary objects (i. e., background) are removed from the image frame. Only moving objects and picture
errors remain as the content of the image.
On an error free 3D print, the object does not change its horizontal location and will only grow vertically. A
summation of pxs indicating horizontal change is an indicator of rapid horizontal movement, i. e., detachment
of the object from the printing bed. In the implementation, three consecutive frames for the detection are
integrated to achieve a short response time for detachment detection. This approach is error prone as px
errors from the camera can occur and also the area of the printhead needs to be cropped out precisely.
Unstable objects that bend while 3D printing are also prohibitive for this approach.
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Blob Detection
Figure 4.17.: Blue Object on Printing Bed
Figure 4.18.: Extracted Blob from Blue Object on Printing Bed
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Areas with constant features (i. e., same colour, see Figure 4.17) in a digital image are called blobs.
The algorithm searches for blobs (see Figure 4.18) with the colour selected by the user as described in
Section 4.2.3.2. Multiple blobs can be detected in the image and the largest blob is selected as the candidate
for the object. The algorithm tries to repair missing links between connected blobs to completely describe the
object. After the candidate object is identiőed, the algorithm describes the object with an enclosing bounding
box. The centre of the bounding box is tracked in consecutive video frames for movement detection.
As the object grows during the 3D printing process, the bounding box and its centre are consequently
updated. A small tolerance for object and centre detection is implemented, as the object blob is not detectable
completely congruent over time. If the algorithm detects a deviation of the centre of the detected object blob
that is larger than a hard coded threshold, then this is regarded as an indication of a sudden movement of
the object. If the object is detected to be not moving in the following frames, only a warning to the user is
issued. This can be due to px errors or misdetection of the object block.
Consecutive larger changes of the detected centre will trigger an error to the user or send the abort signal
to the 3D printer as per the conőguration.
Algorithm for Missing Material Flow Detection
For the detection of missing material ŕow from the extruder, the algorithm for the blob detection is applied
and extended (see Figure 4.19). The upper border of the object bounding box is used as a reference line.
This object reference line is compared to the reference line for the printhead lower boundary (i. e., nozzle tip,
see Figure 4.20) calculated by the image pre-processor.
Figure 4.19.: Blue Object Marked with Bounding Box
The research 3D printer has a height őxed printhead that can only move in two dimensions (X and Y). The
camera is positioned in front of the printhead, so that changes in the Y-direction do not alter the apparent
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height in the video frame. When the camera is positioned at an angle to the printhead, the apparent height
can change and this needs to be tracked, utilising the visual markers on the printhead. In an error free case,
the objects upper reference line and the printhead reference line are congruent. If the material ŕow stops, the
object moves down along the Z-axis with the printing bed and the printhead continues its operation. The
object’s upper reference line and the printhead reference line diverge.
Figure 4.20.: Missing Filament Detection with Nozzle Reference Line and Object Bounding Box
These reference lines are compared to each other over a set of consecutive frames. A warning is issued to
the user when the difference between these images grows larger than a pre-deőned threshold (ThresFlow1).
In cases where the difference continues to grow over a second threshold (ThreshFlow2), an error is issued
to the user. Automatic abort for this 3D print can be set in this case per conőguration.
4.2.4 Results
For the validation of this approach, an experiment is devised. The experiment consists of the 3D print of
two test specimens speciőed in the following text. Test Object A (see Figure 4.21) is a block of dimensions
39× 20× 5 mm 3D printed on a stand of 1× 25× 10 mm.
It is 3D printed to detect missing material ŕow when the supply of the őlament is cut during a 3D print.
Test Object B (see Figure 4.22) is a triangular block for detection of deformed object failures and detachment.
The standing area is chosen to be very small so that the object can topple over during the 3D print. Both
test objects are 3D printed 10 times each and the detection of failures is observed with the interface. Test
Run A with Test Object A is executed with őve objects 3D printed without cutting the őlament ŕow in order
to ensure that no false-positive detection occurs and with őve objects 3D printed with the őlament ŕow cut
off mid-print to test positive recognition of the failure detection.
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Figure 4.21.: Test Object A Dimensions
Test Run B with Test Object B is executed ten times undisturbed, with the object toppling over randomly
six times. In Test Run A, the undisturbed 3D prints yield a number of warnings during the 3D print due to
temporary detection problems and one misdetected 3D print failure. This results in a false-positive detection
rate of one out of őve (20 % false-positive for material ŕow detection).
Test objects with cut-off őlament are detected earliest with an update to the displayed frame (ca. 5 s) and
one 3D print is not detected as a failure to do misdetection of the extruder position. This results in four out
of őve objects correctly classiőed as failed (80 % detection rate for material ŕow failures).
Figure 4.22.: Test Object B Dimensions
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For Test Run B, six (see Figure 4.23) out of ten objects toppled over. Four objects are correctly classiőed
as failed, which results in a 60 % detection rate for object detachment. The remaining 3D prints are classiőed
with a number of warnings and two objects are temporarily marked as failed.
The temporary failures detected are corrected within a time span of 30–90 s. Lighting changes can be
identiőed as a source of increased detection errors. For detachment detection, the detection rate is 60 % in
the experiment.
The algorithm implemented is reasonably stable; however, it requires to be improved for resilience against
lighting changes and marker misdetection.
Figure 4.23.: Test Object B during 3D Print with Offset Extruder Detection Line
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4.2.5 Discussion on Error Detection using Computer Vision in Additive Manu-
facturing
One obstacle to a stable detection for this approach is px errors from the camera, which can be compensated
for by software interpolation and smoothing of the original video frame or to some extent with higher quality
video cameras. Smoothing out the image feed consumes additional computational resources. The system is
capable of analysing a video stream with a resolution of 640× 480 px and a framerate of 25 fps with a Central
Processing Unit (CPU) utilisation rate of approximately 20 % on an Intel Pentium M 1.5 GHz computer. For
the display in the Web interface, the Portable Network Graphics (File Format) (PNG) format is chosen for
compatibility reasons. When this interface is optimised for a speciőc browser, more efficient display methods,
for example WebM (Video őle format) (WebM) can be implemented. This will increase the refresh rate of
the displayed stream in the Web interface, which is approximately őve seconds with the current setup.
The second obstacle is change in lighting for the object. This can be alleviated by a őxed lighting system
for the 3D printer. This őxed lighting system is set to be placed at multiple angles in front of the side of the
3D printer in to avoid the casting of shadows. One difficulty that was discovered with additional lighting
is, that the reŕections destabilise the algorithm, as some surfaces of the 3D printer are highly reŕective.
Increasing the video resolution and framerate can yield better images suitable for detection of errors currently
not detectable as surface problems. This will also increase the computational effort. For the test system,
an increased resolution and framerate was determined to yield no beneőts in the detection rate. The error
classes determined to be detected are identiőed with the given system with a high degree of reliability.
This approach is not suited for ŕat objects because of the camera position. It is also not suitable for
materials that are of similar colour as the 3D printer, as the difference in colour is needed for the thresholding
and identiőcation of the object. Strategies on how to handle detected failures (e. g., issue abort command to
3D printer) and when to handle detected failures (to prevent action on false-positives) are to be devised and
are dependent upon the scenario the 3D printer is operated in.
4.2.6 Conclusion
With this contribution, an algorithmic approach and implementation to error detection, based on a
computer vision system is presented. The system utilises inexpensive customer hardware as the video camera.
By an experiment, the applicability of this approach to the detection of errors for FDM 3D printers is shown.
From the őve classes of proposed error classiőcation, it is possible to detect three classes with this approach.
The experiment conducted shows the validity of this approach and determines the detection rate to be
between 60 and 80 %. The false-positive detection rate is determined to be 20 %. Improvements described in
Section 4.2.5 are expected to decrease the rate of false-positives and increase the detection rate.
This contribution concludes Chapter 4 on process monitoring of FDM 3D printing. With these two
contributions presented, the user of a 3D printer is able to evaluate the 3D printing more thoroughly, which
helps to reduce the cost inŕicted by misprints through early detection. A more comprehensive monitoring
of the 3D printing process is the basis for future integration in Cloud Manufacturing (CM) systems or an
active control of the 3D printer, as proposed in another work by the author [50]. The monitoring system is
implemented through an adaptor, as described in Section 6.1, for the application with the 3D printing service
presented in the following chapter (Chapter 5).
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3D Printing Service
In this chapter, the design and implementation of an online 3D printing service is presented. This service is
inŕuenced by, and based on, the resource description method (Section 5.2) and the Application Programming
Interface (API) described in Section 5.3 for the representation of resources and information. With this service,
users are able to control, manage and monitor their 3D printers and collaborate with others during 3D
printing.
5.1 Collaborative Cloud 3D Printing Service
In the őrst section of this chapter, the concept and implementation of a cloud-based 3D printing service
is presented. This service is the interacting interface for the user to manage, control and monitor 3D
printing resources, i. e., 3D printers, as well as the interface for collaboration on with others regarding 3D
printing.
5.1.1 Introduction
This section is based on the publication by Baumann, Eichhoff, and Roller ‘Collaborative Cloud
Printing Service’, in Proceedings of the Cooperative Design, Visualization, and Engineering – 13th International
Conference, CDVE 2016 [44]. The author developed the core concept, contributed to the implementation and
formulated the manuscript.
The contribution of this section is the concept, design and implementation of a cloud-based 3D printer service
utilising existing 3D printer resources. This service helps users collaborate and cooperate on tasks related to
3D printing. The hard- and software resources under control of this service can achieve higher utilisation
than independent and unshared resources can. Furthermore, the user interactions and general management
capabilities of 3D printing resources are enhanced with this service. The monitoring capabilities described
in the previous Chapter 4 are intended to be employed as units within the cloud 3D printing service via a
hardware adaptor, which is described in Chapter 6. With this service, the users are able to utilise their 3D
printing resources more efficiently.
The following reasons can be shown to warrant research in, and use of, online 3D printing services. Such
online services are regarded as an alternative to stand-alone 3D printers located at the user’s workplace that
are not integrated into a 3D printing service. Besides the applicability for consumers, it is also beneőcial
for professionals to integrate their resources into a service for ease of control, monitoring, cooperation and
sharing. In current, stand-alone, non-networked situations, the following problems are present:
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a) High cost of 3D printer (dependent upon manufacturer and technology) [463], b) Potential health risks
(e. g., fumes, metal dust) [383], c) Low utilisation for non-shared resources [367], d) High process knowledge
necessary for high quality results [330] and e) Low potential for collaboration and discussion.
Utilising 3D printing resources in a service enables cooperation on these resources. Users can be able to
cooperate more in case of failures, provided the service offers appropriate mechanisms to do so. The 3D
Printing Process (3D-PP) consists of őve steps (see Figure 1.2), which begins with the design of the product
(see also [245]).
In this section, the following three research questions are formulated and answered: a) What requirements
are necessary to construct a 3D printing service that allows users to utilise existing 3D printer resources more
efficiently? b) How can a 3D printing service be enabled to provide an infrastructure for research? c) How
can the security and data integrity problems arising from shared resources be addressed?
This section describes an evolving piece of software, the design and implementation considerations and
the applied methodology. This work is an extension of the work by [48] in respect to the collaboration and
security aspects.
The design phase of the 3D-PP can be supported by software using Computer Aided Design (CAD), e. g.,
AutoCAD [31] or 3D modelling software, e. g., Rhinoceros [357]. The result of this őrst step is a CAD model
that represents the 3D geometry of the object.
Step two of this process is the positioning of the model in the virtual space that represents the 3D
printer and its physical restrictions. Positioning can encompass single objects or multiple objects for increased
printer utilisation. After the print object is positioned, it is sliced using slicer software. A variety of slicing
software exists that differ in aspects such as speed, precision, quality and strategies for 3D printing support
structures [41].
The following steps include upload to the printer if it is a networked device or by other means such as
deployment on memory devices (e. g., Secure Digital (SD)-Card, Universal Serial Bus (USB) Stick) and the
beginning of the 3D print, which can require either manual interaction or can be handled from the software.
Post-processing and Quality Assurance (QA) follow when the object has been printed, with these steps
inŕuencing each other. Those steps are outside the scope of this thesis and, therefore, are not included in the
service described herein.
Support for all steps apart from the design step is provided within this work. Post-processing and QA
support is limited to the discussion and exchange between users. These are omitted for the following
reasons: a) The design process is supported by specialised software and integration is not compatible with
the lightweight approach described within this work; however, recent CAD or other design software for
collaboration exists, and b) Post-processing and QA is not able to be supported by soft- or hardware as these
steps require intensive human interaction. Supporting discussion on this step is beneőcial for users to better
understand the inŕuence of parameter selection on the quality of fabricated objects.
The remainder of this contribution is organised as follows: Current research in the area of online 3D
printing services is reviewed in Section 5.1.2. Following this, an introduction to the implementation guidelines
(Section 5.1.3) for the service is given, with this section concluding with Section 5.1.4 where the research is
discussed.
5.1.2 Related work
Similar systems or services already exist in the form of closed-source, commercial services, e. g., 3D Hubs [2],
3D Printer OS [1], and AstroPrint [29]
As commercial entities, the focus of these systems is on őnancial viability without extension mechanisms
for use as a research platform. Contrary to the approach described herein, they are not intended to be
open services. The software octoprint [119] offers remote 3D printing and object management capabilities;
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however, it does not provide the required collaboration capabilities. Utilising it as a gateway to connect 3D
printing resources to the 3D printing service is feasible. Previous research provides proposals from [468] for
Cloud Based Manufacturing (CBM) systems; however, the described system differs from this approach as
the focus is on providing a collaborative service for shared resources, as well as a sensory upgrade of this
technology.
To be able to control and structure future Cloud Manufacturing (CM) or CBM, the concepts of integrating
Web services and Business Process Management (BPM) as described in Leymann, Roller and Schmidt [257]
can be utilised as a guide. The service proposed in the present thesis can either function as a service broker
or as a consumable service, depending on the requirements of the user. By design, the service in the present
thesis can be adapted to incorporate such BPM-centric concepts as shown in Danylevych, Karastoyanova
and Leymann [116]. For such a control mechanism, an extension of the Business Process Management and
Notation (BPMN) is beneőcial, which is similar to the extension proposed in Zor, Schumm and Leymann [491].
From Dong et al. [128], the video supervision approach is implemented for the 3D-PP and its remote error
detection.
Extensions of CBM in the form of Cloud-Based Design and Manufacturing (CBDM) [469] provide further
insight into the concept of Hardware-as-a-Service (HaaS) and connection to the broader concept of ŕexible
manufacturing, which spans every phase of product development and involvement of different stakeholders.
While the availability of affordable consumer-grade 3D printers certainly has helped the progression of research
in, and distribution of, 3D printers, the scenario where every individual will own a digital fabricator [301] is
unlikely at present because the general direction is to offer and consume services [39].
Van Moergestel et al. [435] prove the concept of Manufacturing-as-a-Service (MaaS) on cheap, distributed
and reconőgurable production machines (equiplets) with a focus on interaction in a multi-agent system.
Lan [253] names Stereolithography (őle format) (STL) viewers as Java applets or other visualisation tools as
one of the key issues in his review. An embedded JavaScript (JS) visualisation is employed within the service
so as to alleviate the dependency on thick clients. Further key issues, e. g., remote control and monitoring, job
planning and scheduling, and collaboration of users on models and 3D printing, are addressed in this service.
5.1.3 Implementation
The service presented hereinafter follows the software framework proposed by Schulte et al. [380], with
a focus on the action executioner. It acts as the connector between the 3D printing resources and the
3D printing service in the presented proposal, in contrast to the proposed functionality by Schulte et al.
Further foci are the service registry for retaining information on production capabilities and the monitoring
data manager that connects the real execution in the 3D printer with the virtual representation. From
CloudMan [339], the layered service approach is incorporated, but with restriction on the focus to 3D
printers and not manufacturing infrastructure in general. See Figure 5.1 for an overview of the intended
architecture.
As per the deőnition by NIST (SP 800-145) [290] for Cloud Computing (CC), the system is set up to
provide a user management system by incorporating available libraries. Besides standard user management
information, the user is able to store appropriate őles1 in his/her account. For this, an interchange format [42]
for 3D printing related information is deőned. This information consists of original CAD őle(s), resulting
STL and G programming language (G-Code) [212] őles, and conversion and 3D printing protocols as well
as imagery (for quality assessment). The service is accessible from a standard compliant Web browser that
supports Hypertext Markup Language (HTML) 5 and JS, which are both necessary for rendering purposes
during the positioning phase.
1CAD files, STL files and 3D printing log files
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Figure 5.1.: Abstract Architecture for 3D Printing Service
The resources necessary for slicing and preparation of the models are shared amongst the users based on a
őrst-come, őrst-served scheduling scheme. As the 3D printer is the limiting resource at present, the pooling
of the computing resources is not regarded as critical. In anticipation of multiple 3D printers controlled
by the system, the distribution of computing resources for the preparatory tasks is becoming queue-based
with data stored in associated cloud service storage facilities, e. g., Amazon S3 [17]. Users will be informed
if the capacity of the 3D printers is depleted and the projected processing time for an object exceeds a
deőned threshold. The requirement for ‘rapid elasticity’ is severely impaired by the physical restrictions set
by the geometry of the object to be 3D printed and the limitations in the speed versus quality trade-off
of a 3D printer. Basic measurements are intended where the user can track the number and nature of
3D printed objects as well as associated information, and a full audit trail for research purposes will be
available. Utilisation of machines and computing resources is measured and associated with respective user
accounts. The systems control layer resides in the cloud and is expandable by utilising proven technology
(e. g., Docker [127]) as a means of deployment. The interfacing layer consists of gateway computers that
interface directly with 3D printers if they do not support network access natively. These interface solutions
depend on rapidly deployable, cost sensitive and reliable computer systems.
In the őrst phase, these interfaces will allow direct manipulation of 3D printers via the Internet and limited
control information backŕow. Further iterations extend this system to a broader sensorial back channel,
which ultimately leads to closed loop 3D printing systems. Data provided by users as CAD models or other
model őles are stored in a cloud-backed service. Data integrity, őle security and privacy are of increasing
concern to users [100, 335]. Risks range from untrustworthy service providers, compromised services by
third parties (e. g., cybercriminals or hackers) or governmental spying programs. Due to the risks inherent
in the system, the user cannot trust the service provider with safeguarding the submitted data; therefore,
client-side data protection by encryption is warranted. Common encryption mechanisms can ensure the data
submitted by the user is only accessible by that particular user. The proposed service requires access to parts
of the uploaded data for processing (e. g., transformation from a CAD őle to a STL őle or for the slicing
step) and also for collaboration between users. Approaches to ensure data integrity and privacy exist for the
use cases of shared information with partially trusted providers and are described in [70, 247]. The present
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study conceptually builds on these asymmetric encryption schemes to ensure privacy by design. Employing
these security mechanisms the service provider can still derive protected information during the necessary
decryption; however, this is indicative of malevolent behaviour. See Figure 5.2 where User A is submitting
a data őle (Model A) to the 3D printing service that the user encrypts locally. The 3D printing service
stores the encrypted Model A in its storage system. For slicing the model, the user has to submit an access
token (Access Token B) that the slicing service uses to temporarily decrypt the őle and complete its work.
After completion of the work, the resulting őle is encrypted using the user’s public key or a key provided
with Access Token B so only the legitimate user can access the őle. For collaborating on a model őle or
for a partial result from intermediary steps, User A provides an access token to the intended user (User B)
with speciőc access permissions. As the attacker, User C can only access temporary decrypted őles of the
computing resources or encrypted information in the service storage system.
Figure 5.2.: Information Sharing Scenario in 3D Printing Service
An example of a use case for collaboration in this system is where User A has a series of failed prints on
a speciőc machine and is able to ask other users of the same machine if they have experienced the same
phenomena. For further analysis, the users can share all print related information in an aggregated form
within the system. Users can also contact the machine operator and issue notes or warnings on machines
within the system.
5.1.4 Discussion on 3D Printing Service
To the best of the author’s knowledge, no open-source 3D printing service has been published previously.
Despite several publications on CBM, no implementation is available; however, there are existing solutions
that focus on separate parts and provide solutions to different aspects of the 3D-PP or frameworks for CBM
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services.
The approach described in this section is characterised and differs from other approaches by: a) Focusing
on the 3D printer, b) Focusing on communication with the manufacturing device, c) Smartifying the 3D
printer [49], d) Providing an open source implementation, e) Supplying a platform for testing the sensor array
and f) Providing an interchange format for print related information.
By designing the system security at its core, the users are at lower risk of unauthorised data access.
Providing collaboration features such as data and model sharing enables the users to quickly adapt to the
service.
This software service is designed as an open research platform for academic users to embed experiments
and utilise distributed resources.
With this contribution, the general concepts and implementation of an online 3D printing service are
presented. This service utilises the API presented in the following Section 5.3 as a means to abstract various
hard- and software components. It functions as the user interface for the control, monitoring, evaluation
and cooperation of 3D printing resources. Its design is ŕexible to accommodate for changes and additions to
soft- and hardware components. The ŕexibility of the system is based on its design and utilisation of the
resource description presented in Section 5.2. The service must match appropriate and available resources to
the requirements involved in a speciőc 3D printing job, with this matching and scheduling enabled by the
ŕexible and extensible resource description.
5.2 Ontology/Resource Description for Additive Manufacturing
With the work presented in this section, an abstract and universal capability description framework of
3D printing resources is presented. The framework consists of an ontology for the resources of the Additive
Manufacturing (AM) domain, a ŕexible Extensible Markup Language (File Format) (XML) schema and
implementation in a cloud-based 3D printing system, see Section 5.1.
5.2.1 Introduction
This section is based on the publication by Baumann and Roller ‘Resource Description for Additive
Manufacturing – Supporting Scheduling and Provisioning’, in the Proceedings of the Ninth International
Conferences on Advanced Service Computing, 2017 [51]. The contribution of this work is the discussion and
declaration of a resource description framework for the use in the AM-domain. This resource description is
technology agnostic and applicable for the use cases discussed hereinafter.
The author developed the core concept, performed the implementation, designed the ontology and description
schema, formulated the manuscript and presented the work.
This contribution presents the design and development of a resource description method – with the associated
ontology and XML schema – for use in AM. This resource description is intended to be implemented in
the service that has been described previously. Its goal is to provide a ŕexible and extensible method to
describe 3D printing resources for the use case of scheduling, as well as for other uses cases. Currently,
these resources cannot be represented in a way that enables automated usage in 3D printing software or
services. Most commonly, the resources are described and represented with text, which allows human users
to work with this information. This contribution aims to provide a machine-readable and understandable
resource description for the domain of AM to help in future concepts such as Industry 4.0, where machines
are required to communicate and coordinate with each other. This resource description is an integral part of
the service described in Section 5.1 because it enables the service to represent the information of the 3D
printing resources in a way that enables automated matching and scheduling.
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For the efficient usage of 3D printing resources in CM scenarios, it is necessary to schedule the existing
resources based on the requirements of the users. 3D printing resources are mainly 3D printers of various
types, makes and models with differing capabilities and constraints in their usage. As 3D printing encapsulates
a number of different technologies ranging from thermoplastic extrusion fabrication, called Fused Deposition
Modeling (FDM) (also Fused Filament Fabrication or Free Form Fabrication (FFF)), fabrication on the basis
of curing of photopolymers in a vat, called Stereolithography (SLA), laser-based fabrication methods, either
Selective Laser Melting (SLM) or Direct Metal Laser Sintering (DMLS) to any other possible method of
creating objects directly and additively from a digital model, it is a prerequisite to describe these technologies
and capabilities in a comprehensive and machine-understandable way. The different technologies differ not
only in the materials they are able to process but also in the quality that is achievable, the features they can
reproduce, the cost they effect and the means whereby they are controlled or programmed. For automated
usage in a distributed service scenario with a number of different 3D printing resources involved, the service
must be able to select an appropriate device or devices for any given user’s submitted task. For the hardware
providers, it is beneőcial if their equipment is utilised to a high degree to amortise their assets on time
and also to be ecologically sound [38]. For the users, such an automated and swift resource allocation is
pertinent as this equates to a reduced turnaround time and the promise of higher product quality due to
optimum capability and requirements matching. For service operators, the automated resource allocation is
an intrinsically motivated requirement for the operation of such a service.
With this work, a solution for the description of differing capabilities, restraints and requirements of various
3D printing resources is provided. This solution provides an extensible, ŕexible, comprehensive and usable
description format for use in AM scenarios. The solution combines existing approaches for the description of
resource capabilities and extends these for utilising in 3D printing.
This work is motivated by the following four use cases:
• Printer selection: The resource description, applied to a database of commercially available 3D
printers can serve as a purchasing guide for end-users/consumers or other potential buyers of 3D
printers [151, 356]. This will be especially the case if the information is readily available as a
Web-service and supports pro-active user-questioning, e. g., a wizard.
• Automated facility planning: For future modular factory designs, the dynamic reconőguration of
the shop ŕoor [299] is becoming relevant. With a machine-readable resource description, layout and
planning software can place the manufacturing resources in an appropriate location.
• Scheduling in 3D printing services: In this use case, the resource description is the foundation for
the scheduling algorithm that selects the most appropriate available 3D printing resource for any given
processing request, which is based on the constraints and preferences provided by the user and derived
from the model data [126, 160].
• Recommender systems for CAD development: Based on the resource description, a software sys-
tem can provide CAD designers with information and recommendations for geometrical and topological
features within models that are manufacturable with 3D printing resources available to a company.
This work is structured as follows: Beginning with related work in Section 5.2.2, a review of existing
publications is performed. In Section 5.2.3, the approach for the resource description is detailed, as well
as the underlying concepts and sources and also the implementation and evaluation. In Section 5.2.4, an
explanation on the properties identiőed as relevant is provided. In Section 5.2.5, the implementation and its
results are discussed and analysed. Lastly, Section 5.2.6 provides a summary of this work.
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5.2.2 Related Work
In the work by Pryor [337], the implementation of a 3D printing service within an academic library is
described. The system consists of two low-cost hobbyist 3D printers and a 3D scanner. Of relevance to the
present thesis is the description of the workŕow for user handling. Pryor describes the processing workŕow as
being purely manual, with the data being deployed by the users either via a Web form or email. Library staff
performs sanity checking, pre-processing (i. e., positioning, slicing and machine code generation) and manual
scheduling of the 3D printer resource. The text does not provide an analysis of the time required for the staff
to perform these tasks.
In an article by Vichare et al. [442], the authors propose a Uniőed Manufacturing Resource Model (UMRM)
for the resource description of machines within the manufacturing domain. Speciőcally, the authors aim to
describe Computer Numeric Control (CNC) machines and their associated tools in a uniőed way to represent
the capabilities of these systems in their entirety. Their work provides a method to describe a CNC machine
in an abstract sense for use in software, e. g., for simulations.
As part of the collaborative peer-robot control system described in the work by Yao et al. [479], an ontology
for a resource description is partially described on which the present contribution is built upon. This ontology
distinguishes between hard- and software resources, as well as capability and status description. The author
provides an exemplary XML schema deőnition for such a resource description, in Appendix A.2.
The 3D Printer Description File Format Specification (3PP) by Adobe [10] is very relevant to the present
study, as it describes the 3D printer’s capabilities in XML format as deemed necessary by Adobe, presumably
for application within their software. This work contains an extensive listing of possible attributes relevant to
a resource description, on which the present contribution is based upon. However, the 3PP format is limited
to FDM 3D printers. The deőnition includes hardware and material description; however, it only partially
caters for software support.
In the publication by Chen et al. [102], the authors provide another approach to the problem of model-
fabrication resource mismatch via the introduction of an abstract intermediary speciőcation format. The
authors propose this reducer-tuner model to abstract design implementations for application in a variety of
3D printers whereas the present thesis proposes a 3D printer resource description, which enables the matching
of suitable machines to speciőc model őles.
In the study by Dong et al. [129], the problem of scheduling in AM is handled by the rule-based management
of autonomous nodes, i. e., 3D printers. This system is based on an ontology for 3D printing, with some
excerpts presented in their work. From this example, the work presented in this chapter is inŕuenced and
extends on missing attributes.
Yadekar et al. [473] propose a taxonomy for CM systems that are closely related to AM. This taxonomy is
focused on the concept of uncertainty and only brieŕy discusses the taxonomical components that deőne the
manufacturing resources. The main distinction for the authors is the division into soft and hard resource
groups.
In the study by Mortara et al. [300], a classiőcation scheme for direct writing technologies, i. e., AM, is
proposed. The authors deőne the scheme for three dimensions, namely technology, application and materials.
The properties of speciőc materials are discussed exemplary in brief; however, a list of potential properties
for the varying technologies and materials is missing.
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5.2.3 Materials and Methods
From existing literature and expertise, an ontology is constructed that is the basis for the extension of the
proposed properties, which is relevant to the domain of AM. In the present study, concepts such as business
process related capabilities, and knowledge and abstract ability related mapping are excluded. Therefore,
it is not possible to express certain abilities of people, teams or companies, e. g., the level of knowledge for
the design of objects for AM, within this ontology. The properties are derived from the literature and 3D
printer documentations. The following requirements are expressed to guide the generation of the ontology
and properties list:
• RQ1: The ontology and properties list must be ŕexible and extensible. Flexibility means that for
speciőc application scenarios where only subsets of properties and relations are of interest, these subsets
must be expressible within the proposed ontology or resource description. Extensibility denotes that
the property is able to incorporate future, currently unforeseen, sources of technology and materials.
• RQ2: The resource description must be able to reŕect temporal, local and other ranges of validity
and restrictions. Conditional validity is reŕected. With this requirement, it is reŕected that certain
properties, e. g., material strength, are only valid and guaranteed or applicable for a certain period.
• RQ3: The resource description must be able to distinguish between general concepts of things, e. g., 3D
printers and materials, which form a class and their individual instantiation that might have differing
properties and attributes.
In the present study, the following separation of information description is performed for the resource
description:
• Materials: Encompasses all physical materials that are processed or utilised during the digital
fabrication. In addition, it includes physical materials that are required for the digital fabrication
process as indirect or auxiliary material.
• Software: Encompasses all software and Information Technology (IT) components that are involved
in the model creation phase and the object fabrication phase or that are used for the control and
management of digital fabrication equipment.
• Processes: Encompasses all intangible processes, data and information that are generated, consumed,
transformed or inŕuenced during in any phase of the digital fabrication process. Business processes are
part of this grouping.
• Technology: Encompasses all hardware and machine equipment that is utilised for object fabrication,
as well as pre- and post-processing.
Status information and status dependent properties are excluded from this resource description and
ontology.
The resource description must be able to reŕect the required properties and information for all currently
available 3D printing technologies, regardless of the technology classiőcation following any schema such as
those by Gibson et al. [162], Williams et al. [457] or the ISO/ASTM Standard 52900:2015 [215] classiőcation.
This work identiőes common attributes between technologies and enables technological speciőc properties.
As a guideline for the creation of the ontology and resource description, a distinction between object classes
and their actual instances is followed. The class that is formed when examining all 3D printers from a certain
manufacturer and of a certain make, shares a number of attributes such as physical volume and number of
printheads. These general attributes might be extended via attributes pertaining to a certain 3D printer that
belongs to a user and is situated at a physical location. The general attributes might also be altered for
a speciőc 3D printer, e. g., it might weigh more than the original 3D printer due to added extensions or
modiőcations, or its build envelope might be smaller than the original one is due to a hardware defect.
125
5 | 3D Printing Service
5.2.3.1 Sources
Properties are extracted from datasheets from the following manufacturers and models. The respective
Uniform Resource Locators (URLs) for the manufacturers are provided in the footnotes.
• 3D Systems, Inc.2: ProJet 7000 SD & HD, ProX 950, sPro 140, ProX DMP 200, ProX 800, ProX SLS
500, ProJet CJP 360, ProJet 1200, CubePro
• Arcam AB3: Arcam Q10 Plus, Arcam Q20 Plus, Arcam A2X
• B9Creations LLC 4: B9Creator V1.2
• CEL5: CELRobox
• Deltaprintr6: Delta Go
• EnvisionTEC GmbH 7: 3D-Bioplotter Starter Series, SLCOM1
• EOS GmbH 8: EOS M 100, EOS M 290, FORMIGA P 110, EOS P 396, EOSINT P 800
• ExOne GmbH 9: S-Max, S-Print, M-Flex Prototype 3D Printer
• FlashForge Corp.10: Creator Pro 3D
• Formlabs Inc.11: Form 2
• LulzBot/Aleph Objects, Inc.12: TAZ 6
• MakerBot Industries, LLC 13: Replicator+, Replicator Z18
• Mcor Technologies Ltd.14: ARKe, IRIS HD
• Optomec Inc.15: LENS 450, Aerosol Jet 200
• Renishaw plc.16: RenAM 500M
• RepRap17: Prusa i3
• SeeMeCNC 18: ROSTOCK MAX V3
• SLM Solutions Group AG19: SLM 125, SLM 280 2.0
• Stratasys Ltd.20: uPrint SE, Objet24, Dimension Elite, Fortus 380mc, Objet1000 Plus
• Ultimaker B.V.21: Ultimaker 3, Ultimaker 2+
• UP3D/Beijing Tiertime Technology Co., Ltd.22: UPBOX+
2http://www.3dsystems.com
3http://www.arcam.com
4https://www.b9c.com
5http://www.cel-robox.com
6http://deltaprintr.com
7https://envisiontec.com
8https://www.eos.info
9http://www.exone.com
10http://www.flashforge.com
11https://formlabs.com
12https://www.lulzbot.com
13https://www.makerbot.com
14http://mcortechnologies.com
15http://www.optomec.com
16http://www.renishaw.com
17http://reprap.org
18https://www.seemecnc.com
19https://slm-solutions.com
20http://www.stratasys.com
21https://ultimaker.com
22https://www.up3d.com
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• voxeljet AG23: VX 200, VX 2000
• WASP c/o CSP s.r.l.24: DeltaWASP 20 40 Turbo
Furthermore, properties and capability attributes are extracted from publicly available slicing software
(e. g., Slic3r [389], Cura [427] and Netfabb [32]) and acquired via experimentation.
For further information on the ontological concept itself, refer to the work by Gruber [174] and the book
by Fensel [143]. Following the distinction of ontologies by Ameri and Dutta [18], the implemented ontology is
classiőed as lightweight. For the construction of the ontology, a list of key terms is compiled from existing
glossaries and literature. These terms are available from the author on request.
5.2.4 Properties
The following properties are identiőed from the literature and technology documentation (Appendix A.1).
The provided listing is sufficient to describe relevant properties of AM machinery, i. e., 3D printers, and
associated materials.
The properties can be further classiőed as either static, e. g., the serial number of a 3D printer or its
coordinate system, or dynamic, e. g., the owner or location of a 3D printer. Dynamic properties are often
dependent properties, which is a further classiőcation applied to the properties. Dependent properties are
inŕuenced and depend upon a 3D printer component, e. g., the nozzle and its diameter; the material, e. g., the
surface roughness achievable differs with the processable materials; or parameters selected during the 3D-PP.
The properties in the listing are for the hardware resources, i. e., the 3D printer as well as its components
and the material associated with the 3D printer.
A complete list of properties with respective units, examples, reference for the property and its classiőcation
is available in Appendix A.1.
5.2.4.1 Implementation
In this section, the implementation of both the ontology and the relevant core classes is described.
Furthermore, information on a possible scheduling metric based on a cost estimation method and the resulting
information ŕow in the implemented service is described.
The ontology is constructed using the protégé software version 5.1.0 [395] and is generated based on the
properties discussed in Section 5.2.4. The guiding principle for the ontology is the ŕexibility of the properties
that apply to 3D printers, material and inherent constraints.
Implementation in the software, i. e., to manage the speciőc properties of the resource description and
evaluate the applicability of the description, is performed in the proposed 3D printing cloud service [44, 45].
This 3D printing service is also described in the present thesis, in this chapter.
Implementation in the service is performed to enable provisional scheduling for 3D printing resources, based
on availability, build volume and processable material type. In scheduling, some form of ordering metric must
be provided. In the present work, this metric is based on a proposed cost metric as described further in the
text.
The cost metric is deőned in [46] – see Section 5.3.3.1 – and serves as a prototypical implementation of
cost estimation within AM.
The cost for a 3D print is dependent upon the 3D printer selected (base cost), the material that is consumed
and the time required for 3D printing. Within the service, these attributes are user selectable for each type
of material and 3D printer that is under the control of the user.
Based on the cost metric, scheduling is implemented in the service as described below.
23http://www.voxeljet.de
24http://www.personalfab.it
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Figure 5.3.: Processing Flow for the Registration and Selection of a Hardware Resource
In Figure 5.3, the processing ŕow for the registration of a hardware resource with the 3D printing service
is depicted. In this őgure, the user dispatches a 3D printing requirement (Job) with the service, for which
a number of implicit and explicit requirements and restrictions are also deposited. A hardware resource
registers its capabilities with the service, with this information stored in the resource registry. The service
queries the resource registry for a suitable hardware resource for the job and issues the appropriate commands
for a 3D printing execution on this resource. On completion or failure of the job, the user issuing the job is
notiőed.
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Core Classes
The core classes in the ontology are described in this subsection. A visual representation of the ontology is
depicted in Figure 5.4. This graph is created using the WebVOWL service [265].
• MaterialGroup andMaterial are classes that denote the materials that are relevant for the description
of the capabilities of the 3D printing resource. The materials have an inŕuence on a number of quality
properties, e. g., the surface roughness. The materials a 3D printing resource can process are relevant
for the selection of the appropriate 3D printing resource.
• PrintingTechnology, PrinterType, and Printer are classes that represent the underlying technology
of a 3D printing resource, e. g., an FDM-based technology or an Electron Beam Melting (EBM)
technology, as well as the 3D printer class which can be understood, e. g., as a speciőc model line from
a hardware manufacturer such as the Replicator series from MakerBot Industries. Hardware resources
of a PrinterType have a number of common attributes that extend the PrintingTechnology. The Printer
denotes the make of a speciőc PrinterType, e. g., the MakerBot Replicator 2X from MakerBot Industries.
Instances of this Printer class have further common attributes, which extend the attributes of the
PrinterType. Instances of the Printer class are actual 3D printers that have further attributes such as
owner and a physical location.
• PrinterComponent is the class for the physical and immaterial components that are part of the
speciőc 3D printer. Every component can have an unbounded number of properties as described
below. For example, the printhead and its nozzles are components of a 3D printer in the case of FDM
technology and an electron source is a component of an EBM type 3D printer.
• Software denotes all software that is utilised in the 3D-PP. Software is applied to control the 3D
printing resource, to convert őles from one format to another, to prepare and process the őles required
for the control of the 3D printer and to evaluate and monitor the 3D print itself.
• MProperty is the generalisation of properties that apply to the Material, MaterialGroup, Printing-
Technology, PrinterType, Printer, PrinterComponent, Software, ProductModel or File. The guiding
principle for the creation of this ontology is to enable ŕexibility and expandability, so this generalised
property can hold all properties listed previously (see Section 5.2.4) and future properties.
• Restriction is a class that reŕects the ability to enable restrictions on MProperties as the properties
can be applicable only for a speciőed period or for a certain group of people. For example, the property
of őlament quality might be linked to a certain expiration date.
• InŕuenceFactor is a class that reŕects the multi-dimensional inŕuences on properties by a deőned
number of factors. For example, the nozzle diameter can inŕuence the extrusion rate in the case of an
FDM 3D printer.
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5.2.4.2 Resource Description Schema
From the ontological concept, an XML schema deőnition is constructed, which follows the principle of
ŕexibility by encapsulation of properties in a ŕexible element. The property element applies to all relevant
types of the schema, namely the PrintingTechnology, PrinterType, Printer, PrinterComponent, MaterialGroup,
and Material.
All properties are extended to allow for restrictions based on user, group or temporal conditions. The
properties can be inŕuenced by any other class of the schema to reŕect interdependent relationships between
components. The following example justiőes this construction: In the 3D printer, the property of the
material deposition rate is dependent upon the technology in use, the material processed and, in the case of
FDM technology, the nozzle diameter of the extruder installed in the 3D printer. This schema is shown in
Appendix A.2.
5.2.5 Discussion
The proposed resource description offers the user the ability to select an appropriate 3D printing resource
for 3D printing in online 3D printing services. In such a system, restrictions for suitable 3D printing resources
can be derived, either from the user’s input or from the provided data őles.
Within a 3D printing service, the user is able to state preferences and restrictions, such as the desired
quality of the 3D printed object or cost restrictions, based on which the service itself can query appropriate
hardware resources for their availability and suggest them to the user. Furthermore, based on the provided
models, the service can exclude certain hardware resources if they do not őt the task to be executed. For
example, if the model őle is analysed and found to contain features under a certain geometrical threshold,
then the hardware that is not capable of manufacturing features of this dimension will be excluded.
A perceived problem with the ŕexibility of the ontology and resource description is the requirement for
contextual property checking within the service itself. As opposed to the strict formalities that are possible
with the XML Schema Deőnition (XSD) deőnition, this ŕexibility hinders such formality checking. The 3D
printing service must be equipped with a component that is capable of evaluating the provided properties and
checking them for completeness, applicability and correctness. The resource description also allows for the
encapsulation of third-party 3D printing services within the 3D printing service itself, where the capabilities
of these services are regarded as a resource and described as such.
5.2.6 Summary
This work provides an ontology of the AM domain with extensible and ŕexible constructs. The derived
XSD provides ŕexibility for extensions, which are based on future developments of 3D printing hardware. The
ŕexibility also allows for user-centric extensions and use cases. The use case for this work is the deployment
in a 3D printing service; however, other use cases are also provided, such as the use within a recommender
system for the design and modelling phase or purchase recommendation systems.
The ontology and concepts that represent information on the hard- and software resources in AM inŕuences
the development of the API, which is presented in Section 5.3. This API and the ability to represent 3D
printing resources enables the service, as described in this chapter, to automatically match appropriate
resources for a speciőc 3D printing job requirement. For example, it can be a requirement to produce very
thin walls for which a capable 3D printer must be found. In this case, this requirement can be extracted by
an analysis of the CAD-model associated with the 3D print job.
The resource description, presented in this section is integral to the ŕexibility and the functioning of the
3D printing service, presented in the previous section (Section 5.1). It allows the service to store and manage
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the information on speciőc 3D printing resources in a machine-readable manner. This description also enables
the API, described in Section 5.3, to cater for this ŕexibility and adequately represent the resources.
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5.3 Universal Application Programming Interface for 3D Printing
In this section, the implementation of an overlaying and abstracting representational state transfer (REST)
API for 3D printers is presented. This REST API is designed to expose these resources to the Internet for
utilisation within and for cloud services.
5.3.1 Introduction
This section is based on the publication by Baumann, Kopp, and Roller ‘Abstract API for 3D Printing
Hardware and Software Resources’, submitted to the International Journal of Advanced Manufacturing
Technology, 2016 [46]. The section is further based on the publication by Baumann, Kopp, and Roller
‘Universal API for 3D Printers’ in the Proceedings of the INFORMATIK 2016 – Lecture Notes in Informatics
(LNI), 2016 [45].
The author developed the core concept, contributed to the implementation, managed the project, formulated
the manuscript and presented the work.
The content and contribution of this section is the conceptualisation, design and implementation of a
universal API for the control and utilisation of hard- and software resources for use within online 3D
printing services. The proposed and implemented API abstracts the usage and control of 3D printers, so that
a variety of different 3D printers can be integrated into a cloud 3D printing service. This API is the basis for
the service described previously in Section 5.2 and is inŕuenced by the concepts provided in the resource
description also presented in the previous section.
Figure 1.2 presents a process for creating an object from a digital model and the őve process steps are
described in Section 3.1.1.
With this research, a unifying API that abstracts the controls of the involved soft- and hardware is proposed.
Through the abstraction, users are able to communicate with a variety of 3D printers in a uniform way.
The proposed API also enables use of the AM resources as a service. AM machinery differs in its capabilities
regarding material procession and means of control of the device.
A commonly utilised instruction set of 3D printers is G-Code (ISO 6983-1:2009 [212]), which is a text
and line based machine code with machine instructions identiőed by a single character code symbol and an
opcode.
Instrumenting the machine with a pre-computed tool path in this format differs widely among the different
3D printers that are currently available [11]. The machine code őle can be uploaded to an internal storage
device via a protocol over cable (e. g., USB-serial communication), manually transferred to a removable
storage device or transferred to the machine ad-hoc via a network or direct-link connection. The transfer can
require open-source software, a standardised protocol or other proprietary means such as a device driver.
Figure 5.5 presents an overview of the different methods of transferring data to a 3D printer. This work is
an extension of [48] and [45] and presents a universal API for 3D printers.
The remainder of this research is organised as follows: Current research in this area is reviewed in
Section 5.3.2. From the related works and approaches, implementation requirements are derived from
established approaches. The functionality of the universal API is described in Section 5.3.3, which is followed
by a short discussion on how to add new 3D printers (Section 5.3.4). An example of the use of API is outlined
in Section 5.3.5 and Section 5.3.6 presents the implementation and usage of the API in a real world setting.
Following this, problems encountered with implementation are discussed. Finally, in Section 5.3.7, this work
is concluded with a discussion of this approach, its applications and beneőts.
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Figure 5.5.: Communication Variety to Transfer Data to 3D Printers
5.3.2 Related Work
Kubler et al. [244] provide a theoretical background on the relationship between the concepts of Internet
of Things and Cloud Manufacturing. With their work, they connect concepts from cloud service to the
manufacturing domain. Vukovic [448] researches on the role and importance of APIs within the Internet of
Things (IoT) paradigm and with that, on Cloud Manufacturing. This work gives justiőcation to this research
on the deőnition of an API for 3D printing service.
This work is similar to the work by Harrer et al. [183], however they target the management layer of
Business Process Execution Language (BPEL) engines, whereas, in this thesis, the focus is on the management
layer of 3D printers.
For further related work, refer to Section 5.1.2. This reference is provided because of the similarity of the
research between these two sections. Literature that is identiőed in the previous section is also relevant to
the research and work on the proposed API.
5.3.3 The Universal API for 3D Printers
The goal of the API is to abstract a variety of required software and different hardware in a uniform way
for consumption by other services.
Following is a list of software and input parameters required for, and supported by, the proposed API and
the service:
• Positioning Software – Software that positions and orients a model representation within the build
envelope of the 3D printer. The positioning and orientation can inŕuence the quality of the 3D
printed object, the utilisation of the 3D printer (e. g., multi-object 3D print versus single object 3D
print) and the material required for a 3D print (e. g., scaffolding material). An exemplary list of
parameters required for abstraction includes:
– Position of the object within the build envelope
– Dimensions of the build envelope
– Information on other feasible objects for concurrent 3D printing
• Slicing Software – Software that transforms a model representation, e. g., an STL or Additive Manufac-
turing File Format (AMF) [28] őle, into machine code (e. g., G-Code) to be consumed by the 3D printer.
The transformation is performed by a slice-wise segmentation of the original model, depending on a
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list of user selected parameters, e. g., slice height or machine speeds. An exemplary list of parameters
required for abstraction includes:
– Slice height
– Machine speeds
– Scaffolding requirements
– Slicing strategies
• Control Software – Software that transfers pre-programmed machine code to the 3D printer or instructs
the 3D printer to start, stop or pause a 3D print. Furthermore, maintenance operations can be executed
through the control software.
In Figure 5.6, the composition of the API and its connections to the underlying software is illustrated. The
API provides a uniőed and extensible interface for a range of software components and 3D printing resources.
The component named Cloud Printing Service is described by the author in [48] and Section 5.1, and utilises
the described API.
Figure 5.6.: Overview of the Implemented API
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For the API, the following eight resource groups are identiőed as sufficient for a proof of concept imple-
mentation:
• User
• File
• 3D Printer
• Software
• Model
• Print
• Sensor
• Team
The user object is utilised for operations required for the management of users. Such operations are required
for accountability in cloud services.
Operations for user objects include:
• Create
• Update
• Delete
• Display information on user
• Associate user with 3D print
• Associate user with 3D printer (e. g., owner or administrator)
• Associate user with team
• Send and receive messages
• Operate on credit information (e. g., deduct credits for objects that are 3D printed)
Operations for the team objects are similar to user objects as they are utilised for the logical grouping of
users. However, team objects can not be operated on in relation to credit information.
With őle objects, the following operations for uploaded and stored őles can be performed:
• Upload
• Delete
• Update
• Display information on őle
• Transform from őle format A to őle format B
• Associate őle with 3D printer (e. g., conőguration or description őle)
• Associate őle with model (e. g., the model is described by őle)
• Associate őle with team (e. g., for cooperative handling of data)
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With the 3D printer object, operations on 3D printers can be performed with the associated operations
being:
• Install 3D printer within the system/service
• Mark as available/unavailable
• Remove
• Display information on 3D printer
• Associate 3D printer with 3D print
• Start/Stop/Pause 3D print
• Rate 3D printer quality/reliability/availability or other deőned attributes
The sensor object operations on a sensor node or sensor node group can be performed. Associated operations
are:
• Create
• Delete
• Retrieve information
• Store information
• Associate with 3D printer
• Associate with 3D printing job
• Display information offline and online
With the software object, operations on software can be performed, i. e., software can be executed in the
cloud environment and work can be performed on speciőed őles and data resources. Software is used to
manipulate data resources and for communication with 3D printing resources. The software is installed within
the service by an administrator and mapping to the abstracted parameters are deőned by the administrator.
Usage restrictions for users or őle types are deőned and persistently stored within the service. Flexible
operations on őles can be performed through the service to facilitate cloud and distributed usage of software
on remote computing resources.
In the concept of a 3D printing service, the software execution is performed by a scheduler (see Figure 5.1),
that dynamically allocates computing resources necessary for the completion of software tasks:
• Install software within the system/service
• Mark as deprecated
• Remove
• Display information on software
• Execute software
The API is documented using the built-in capabilities of StrongLoop’s [206] API Explorer, which exposes
the API documentation as a dynamic HTML document.
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5.3.3.1 Internal Billing and Quoting
The API supports the billing of objects that are 3D printed through the implementation of a billing
operation associated with a 3D print job. This billing is dependent on the associated őle, the 3D printer and
the material selected for the execution. The cost is derived from the formula given below (see Equation (5.1)).
The cost information is available to the user before the submission of the 3D print job. This information is
also available to the user that owns the 3D printer. The factors are available for adjustment by the owner
and can reŕect information on proőtability or discounting. The cost for a 3D print can, furthermore, be
used for the scheduling of 3D prints with cost limits set by the user and ŕexible billing by machine owners
(cost-prioritised scheduling). The object can only be 3D printed when the credit available to the user is
sufficient, depending upon the scheduling option selected. The following example illustrates this use case:
User A selects object B to be printed on machine-type C and prepares the 3D printing job accordingly by
selecting from the available material (here, material D) and suitable 3D printers, and by positioning and
scaling the object. The API reŕects this information by providing a cost associated with this 3D printing job
based on machines available from machine-type C, material D and slicing parameters. The cost can vary
because the owner of a 3D printer can adjust the factors of the costing formula. The user can select a speciőc
3D printer, select the cheapest option or set a limit on the cost.
With a limit on the cost, the 3D print job might be delayed indeőnitely if no machine becomes available at
that price. The owner of the 3D printer that matches the 3D print job’s estimated cost the closest is notiőed
if the job is accepted for the set cost. In the following equation, the abbreviations T for team, P for 3D
printer, U for user, O for object, S for slicer and SO for slicing options are used.
Cost = (Discount(T, P, U) + Proőt(U))
× (Machine+Material(O,P, S, SO)× FactorB
+Duration(O,S, SO)× FactorU + FactorA + FunctionC(O,P )) (5.1)
Within the API, this simple costing algorithm is implemented as a proof of concept. Generally, 3D
printing time estimations are not very accurate and can vary signiőcantly from the actual required 3D
printing time [20]. Within the API, this is compensated for by the factors and functions listed below. The
3D printing time is dependent upon the 3D printer type, the 3D printer, the object – its size and complexity –
as well as the slicing parameters applied. Within the API, a naïve 3D printing time estimation method is
implemented. A more accurate 3D printing time estimation is enabled by the work presented in Section 8.1.
This naïve method is based on the object’s dimensions and selected layer height. The material consumed is
dependent upon the size of the object, with adjustment factors for:
• Material is a function that adjusts the cost of the material chosen.
• FactorA is a factor that compensates for required time associated with pre-heating of the AM resource
and other preparatory tasks not dependent upon the build volume.
• FactorB is a factor that compensates for required material used for raft and support structures.
• FunctionC is a function that compensates for the required cooling time and parts removal.
• FactorU is an uncertainty factor associated with the 3D printing time estimation that is generally
unreliable [20] to a certain extent and which this factor compensates for.
• Discount is a function to address the requirement of discounting for certain teams, members or machines.
• Machine is a factor representing the base cost of usage of a certain 3D printer.
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• Proőt is a function to address the commercial interests of 3D printer owners to offset the net-costs of a
3D print for a proőtable endeavour.
The amount of support material required is dependent upon the slicer and slicing options working on an
object of a speciőc orientation (see Section 3.2). An object requires a varying amount of support material
depending upon the orientation and build method.
Mohamed et al. [297] present an analysis of inŕuencing parameters on material required for FDM 3D
printing. The total amount of material required for the object consists of the material required for the object
itself, the supporting structures and material used for pre- and postprinting operations, e. g., nozzle cleaning
in the case of FDM 3D printing. In Figure 5.7, the screenshot displays information that is presented to the
user prior to executing an FDM 3D printing job.
The information provided here is calculated by the backend/API and updated on change via the API. The
units in this example are arbitrary and deőned by the administrator.
Figure 5.7.: Screenshot from Web Interface Displaying the Quoting Information for a 3D Printing Job
5.3.3.2 Cloud Suitability
The following requirements that are based on standard requirements for cloud-based services are identiőed.
Their importance to the proposed service is discussed in the following section. The applicability and solution
for, and of, the requirements within the proposed API is outlined.
• Expandability
• Ease of deployment
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• Scalability
• Reliability
The system must be expandable because it needs to incorporate future 3D printers that are not available
today as well as software that extends current software, replaces supported software or is an addition to
supported software.
As this API is intended for use in a cloud environment, the aspect of scalability and easy deployment is
vital. Scalability is natively achieved by LoopBack [205], respectively StrongLoop/IBM API connect [204]
and its connection to IBM BlueMix [208], with further third-party connectors to cloud storage providers.
Ease of deployment is a requirement for cloud services as the services are to be deployed automatically
without user interaction. This is natively achieved by StrongLoop/IBM API connect and the foundation in
Node.js, as well as a supporting software ecosystem for management and deployment.
Scalability is required for the service to grow and is natively achieved by the foundation in StrongLoop and
the connection to further cloud services for storage and execution. The API is designed to be as őle-system
agnostic as possible, with the majority of resources exposed through the API.
Scalability is expressed in the capability to concurrently cater for an increasing number of 3D printers,
increasing number of concurrent users and handled őles. The AM process itself is a limiting factor in respect
to time for scalability aspects, as 3D printing duration can range between 10 minutes and 20 hours or more
for sufficiently large and complex 3D prints, depending upon the involved technology, the make and model of
the 3D printer and settings chosen by the user. Future expansion of this service can include the capability
to include other 3D printing service providers into the service to dynamically allocate remote 3D printers,
similar to computing resources. Furthermore, such an expansion requires the inclusion of transportation or
logistics services for remotely manufactured objects that cannot be retrieved within one’s own premise.
The API/service must work reliably as a failure in communication with a 3D printing resource can lead to
wasted time and material due to failed 3D prints. For detailed discussion on this issue, refer to Chapter 4.
Through the use of the StrongLoop Arc [207], the administrator is provided with tools for monitoring,
debugging and managing the service, thus providing resources to increase the reliability of the API/service.
The requirements for a CBM provided by Wu et al. [467] are: ł(1) Should provide social media to support
communication, information and knowledge sharing in the networked manufacturing environment, (2) Should
provide cloud-based distributed őle systems that allow users to have ubiquitous access to manufacturing-related
data, (3) Should have an open-source programming framework that can process and analyse big data stored
in the cloud, (4) Should provide a multi-tenancy environment where a single software instance can serve
multiple tenants, (5) Should be able to collect real-time data from manufacturing resources (e. g., machines,
robots, and assembly lines), store these data in the cloud, remotely monitor and control these manufacturing
resources, (6) Should provide Infrastructure-as-a-Service (IaaS), Platform-as-a-Service (PaaS), HaaS, and
Software-as-a-Service (SaaS) applications to users, (7) Should support an intelligent search engine to users to
help answer queries and (8) Should provide a quoting engine to generate instant quotes based on design and
manufacturing speciőcationž. These requirements are considered in the design and implementation of the
proposed API.
Due to the design goal of developing a lightweight system, R7, is not incorporated into the service. The
API/service that is proposed utilises social media services as a proof of concept by incorporating the ability
to communicate via Twitter [424] on the status of a 3D print job as well as the integration of Twitter
communication links for registered users. With this implementation, the user is notiőed via Twitter of the
result of the executed 3D print job. See Figure 5.8 for a screenshot of the Twitter service, with a message
sent to a user on completion of a 3D print job, where one user is associated with a Twitter handle and
the other is not. Twitter messages can either be sent directly to users (direct message) or the user can
be associated with a Tweet (Twitter message) by the mention of the Twitter handle. Connection to the
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If This Than That (IFTTT ) service [209] is also implemented as a proof of concept, enabling the user to
connect arbitrary actions on the status change of 3D print jobs. This is realised using the REST connector of
LoopBack and connecting to a service endpoint exposed by a IFTTT ‘recipe’. Further integration of social
media is restricted due to legal considerations regarding data integrity, data protection laws and the lack of
use cases.
R2 is achieved by exposing the őles via the API and using third party cloud-based storage services. The
underlying architecture of LoopBack natively supports őle system agnostic operations on storage containers
that can range from local őle storage over cloud storage, e. g., Amazon S3 [17], to third-party provided
connectors to SAP HANA [374] systems.
R3 is fulőlled by the use of Node.js [310], StrongLoop [206] and AngularJS [169], which are open-source
software. Multi-tenancy is supported by the object structure and user grouping into teams. Monitoring of
the manufacturing resources is implemented via software sensors and hardware sensor modules described in
[54] – see Chapter 4 – thus creating a cyber-physical system (CPS) of the 3D printer. The proposed API is
designed for usage in HaaS and SaaS applications.
A quoting engine for instant quotes and billing is implemented as described in Section 5.3.3.1.
Furthermore, the following functionalities are deőned: a) Modular integration of tools for the 3D-PP
and b) Modular and dynamic integration of 3D printing resources as requirements for the service. These
functionalities are implemented in the API via exposed endpoints and the Web interface.
Figure 5.8.: Screenshot from the Twitter Service displaying a Message from the 3D Printing Server to a User
on Twitter and for a completed 3D Print for a User without stored Twitter Contact Information
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5.3.4 Adding Support for New 3D Printers
For integration of various 3D printer types, it is necessary to describe their capabilities in an abstract form
for re-use. To the author’s knowledge, such a description format or language does not currently exist. This
research gap is closed by the proposition of the resource description in Section 5.2. Resource Description
Language [372]) is a proposition for this issue for the domain of network embedded resources. Capabilities
required for interaction with tools include: a) G-Code dialect, b) Quality settings, c) Processing speed and
d) Material capabilities. This information is also required for utilisation planning and optimisation strategies.
As a solution to this problem, a derivative Resource Description Language (RDL) tailored towards AM is
proposed, see Section 5.2. Further problems arise from the őrmware of this research 3D printer that limits the
transmission speed (ca. 3.5 KiB/s) over the USB connection to the device storage resulting in long transmission
times. Solutions include ŕashing a different őrmware and utilising Wi-Fi (Wi-Fi) enabled SD cards.
5.3.5 Example Usage of the Proposed Service
To clarify the ŕow of information (see Figure 5.1) and data within the proposed service, an example is
given of a user 3D printing an object. The őrst process steps of designing and modelling the object with
a CAD or modelling tool are not discussed in this work. It is assumed that the user who already has an
account with the service, logs in and has an AutoCAD [31] Drawing Interchange Format (DXF) őle stored on
their computer.
As a őrst action, the őle is uploaded via the Web interface to the controller that instructs the data
management service to store the őle in the database. Then, the őle is transformed into STL and AMF [28]
format for future use and stored in the database. For this őrst step, the user uploads the provided CAD in
the Web-based User Interface (UI) that then instructs the operations via the provided API endpoint. The
user then selects a 3D printer from a list provided by the UI for 3D printing.
This information is provided by the device/service registry. Future implementations can suggest an
appropriate 3D printer – based on availability or matching capability for the object – to the user. After
selecting the 3D printer, the user can deőne slicing parameters and position the object in the virtual build
environment, as can be seen in Figure 5.9. Future implementations can suggest appropriate parameters based
on analysis of the model őle and positioning on optimisation criteria (e. g., strength, build time or utilisation)
to the user.
The user is able to add other tool steps to the processing of the object őle, which is orchestrated by the
provisioner and associated virtual computing resources. These processing steps are limited by the capability
of the underlying software package to be instructed without graphical interaction (i. e., headless system).
Batch or command line operation requires the software to expose functions as libraries or command line tools.
In Figure 5.10, the implementation of this approach is depicted with a distinction between pre-slice and
post-slice operations. The pre-slice operations are performed on the CAD or STL model őle and are intended
to include operations such as mesh-őxing or statistics-generation. The post-slice operations are performed on
the sliced machine code and are intended for operations such as adaption to new, and as of now unknown,
3D printer types, that require specially formatted input őles. All operations within the processing chain are
supervised by a task manager and are aimed for cloud deployment. For this, the őle operations are abstracted
and virtualised so that the őles can be handled by cloud deployed software components and reside themselves
inside the cloud.
The software available to the user is expandable by the administrator and can be arbitrarily customised as
indicated in Figure 5.11.
After the model őle is sliced, the 3D print job is instantiated with the scheduler that checks if the requested
3D printer resource is available and, if so, sends it to the executioner. If not, the job is stored in a queue
until the resource becomes available. The executioner communicates with the control interface of the 3D
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Figure 5.9.: Screenshot from the Service – 3D Print Job Overview
Figure 5.10.: Screenshot from the Service – Software Chain
printer in order to transfer and start the 3D print job. Sensor data is transmitted back to the executioner
from the sensor interface. Sensor data is then stored in the database via the scheduler and the controller.
During the 3D print job, the user is informed on the progress and possible failure of the 3D print via Web
interface and the underlying API for access through other means.
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Figure 5.11.: Screenshot from the Service – Software Detail View
After completion of the 3D print job, the user is informed via a notiőcation from the API or any registered
service. Data acquired during the 3D print is stored in the database for later analysis and is accessible via
the API as can be seen in Figure 5.12. To export, import and share the 3D printing information, a uniőed
uniőed exchange format for such data was developed. It is described in [42] and Section 3.1.
Figure 5.12.: Screenshot from the Service – Project Detail View
This data includes slicing logs, parameters for slicing and positioning, information on the 3D printer,
possible sensor data acquired during the 3D print, original őles and derivative intermediate transformed őles
and video or picture data from the print. All information is version controlled to ease handling and analysis.
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5.3.6 Evaluation
The proposed API is implemented as a REST API as a proof of concept. For this work, REST was chosen
over Web Services (WSs) [328] because of the intention of integrating the service over the Internet. The
prototype builds upon the LoopBack framework. This framework is based on Node.js and allows for rapid
development and deployment of RESTful APIs by utilising AngularJS [169] on the client side, providing
persistent storage via a number of services such as MySQL, MongoDB or other REST services and providing
a backend using StrongLoop PM [403].
Through these architectural decisions, the implementation satisőes the requirements of scalability, reliability
and ease of deployment.
The evaluation of the implementation is performed on a MakerBot Replicator 2X 3D printer. For the
assessment of the capabilities of multiple software packages, versions of Slic3r [389], MiracleGrue [277],
FreeCAD [150], GPX [417] and a custom G-Code parser are implemented. The user is able to select a 3D
printer from the Web-based user interface and add processing steps for an uploaded őle. Users are able to
perform the following list of operations:
• Analyse the geometry of the provided STL őle with GPX
• Convert the DXF őle to STL with FreeCAD
• Slice the STL őle with Slic3r or MiracleGrue
• Position and transpose an object in virtual build envelope with user interface
• Upload the őle from the 3D printing service to the 3D printer’s internal memory.
The evaluation is performed by a study group consisting of őve students with low to medium experience in
the domain of AM. This group is observed performing the following tasks:
• Uploading a DXF őle to the 3D print service and converting it to a printable őle (G-Code) for a speciőc
3D printer
• Rotating and rescaling an existing őle via a set of provided parameters
• Sharing a model őle and a build log with another user of the service
• Analysing and naming the failure reason for a build log provided by the service
Statements from this group, as paraphrased by the author with author remarks indicated where applicable,
included:
• The implementation of being able to execute arbitrary commands on the input őles through REST
endpoints as a pipeline improves the handling and also makes processing repeatable.
• When a variety of 3D printers and their parameters are put into the system, this might yield some
time savings via the simple architecture and interface. Author: The participants are referring to the
interface of the prototype.
• Users can beneőt from a list of available software components within the service without the need to
install and manage these themselves.
• The version management of the őles needs improvement, as currently in the case of a database failure
the őles will be cumbersome to attribute to individual projects. Author: this is due to őle handling
limitations within LoopBack.
• The őle management should be fully cloud enabled.
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• Locking, synchronisation and parallelization must be improved; however, parts of the processing cannot
be performed in parallel as the output from one processing step might be the input for another processing
step.
• The deployment is quick and easy due to the usage of Node.js.
• Easy use of a 3D printer as the system is accessible via the Internet and only a Web browser is required.
• The API can be integrated into larger systems and can utilise further 3D printing servers and APIs.
• Unsure how it scales when deployed to a larger installation. The 3D printers will probably be a
bottleneck. Author: This warrants further research in scheduling algorithms for CM and an appropriate
hardware resource description for such a scheduling solution.
Further evaluation of the API is then performed by manufacturing a set of 20 specimens for another experiment.
This experiment is performed by applying the API through command line tools in GNU Bash [149] (GNU
Bourne Again Shell). The őnding from this experiment is that the API performs identically when used
through the command line tools as it did when used previously via scripts that utilise serial communication.
5.3.7 Conclusion
To the best of the author’s knowledge, no open-source 3D printing service or API for such a service has yet
been published. However, there are existing solutions that focus on separate parts and provide solutions to
different aspects of the 3D-PP.
This approach is characterised and differs from other approaches by: a) Focusing on 3D printer, b) Focusing
on communication with manufacturing device, c) Providing expandable support for future 3D printers, software,
and services, d) Enabling user customisable selection of processing operations for őles associated with the
3D-PP, e) Providing a platform for testing BPMN extension, f) Smartifying the 3D printer, g) Providing a
platform for testing the sensor array, and h) Providing an interchange format for 3D print related information.
The term smartifying, denotes the enhancement of a 3D printer so that it can sense environmental conditions in
a way that CPSs do and react to that information by either alerting the operator or adapting its programming
(machine instructions). In a case where the environmental conditions become unsuitable for the continuation
of a 3D print, this can be sensed and acted upon. For this CPS, a number of hardware sensor nodes and
vision detection systems are employed [49]; see also Section 4.1 and Section 4.2. Such changes and parameters
can be environmental, such as temperature and humidity, or system inherent, such as vibration.
The approach put forward is expandable for future 3D printers and innovative software.
This 3D printing API and the associated service is designed as an open research platform for academic
users to embed experiments and utilise distributed resources.
This section concludes the chapter on the 3D printing service and its basic concepts. It is shown that the
3D printing service is built on the ability to automatically read and understand the 3D printing resources
capabilities, as presented in Section 5.2, and the ability to abstract the controlling mechanisms, e. g., soft- and
hardware interfaces for a variety of 3D printers and 3D printing related software. Such a 3D printing service
or system is intended to be the platform for the implementation of a marketplace to distribute digital models
to consumers, and allow these consumers to control, monitor, use and manage their own and other users’ 3D
printers within such a service. In the case of commercial usage of such a system, a discussion on Intellectual
Property (IP) protection must be had. IP is a growing concern for both consumers and commercial entities.
In Chapter 6, a solution to the problem of IP-misuse in systems with digital artefacts is proposed.
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Intellectual Property Protection
in 3D Printing
In this chapter, a solution to the problem of Intellectual Property (IP) misuse in 3D printing is provided.
The solution enables the safeguarded distribution of digital model őles to customers from the model owner
via a trusted 3D printing marketplace or 3D printing service, as presented in the previous Chapter 5. The
proposition relies on this 3D printing service and utilises dedicated hardware adaptors for the connection of
the 3D printer to the service. In addition to the design of this concept, a watermarking schema for application
in Fused Deposition Modeling (FDM) is proposed.
6.1 Model Data Streaming for Additive Manufacturing
The research described in this section combines digital watermarking of physical 3D printed objects with
direct streaming of machine code instructions (G programming language (G-Code)) for 3D printing. Because
the user is no longer in possession of a digital model of the object that is to be printed, replication of the
object is made difficult.
6.1.1 Introduction
This section is based on the publication by Baumann, Ludwig, Abele, Hoffmann, and Roller ‘Model-
Data Streaming for Additive Manufacturing – Securing Intellectual Property’, published in the Journal of
Smart and Sustainable Manufacturing Systems, 2016 [47].
The author developed the core concept, provided the implementation, coordinated the project, formulated
the manuscript and presented the work.
The contribution described herein conveys a discussion on the problem of digital model data distribution
under the threat of IP theft. The method presented in this section offers the ability to safeguard digital
model information via off-site pre-computation of the machine path by the model owner. This also ensures
higher 3D printing quality, as the slicing and parameter selection can be performed by the model owner
via the pre-programming of the machine code; therefore, optimal parameter selection can be guaranteed.
The aspect of reverse engineering of the machine code is also discussed; however, this is regarded as being
unsuitable for this context.
For commercial scenarios in 3D printing where the creator of a digital model wants to ensure reliable 3D
printing of an object as well as retain the monetary proőt of the object creation, it is not feasible to supply the
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raw Computer Aided Design (CAD) model or Stereolithography (őle format) (STL) model to the customer.
Such a provision could lead to replication of the 3D print and distribution of the digital model őle by the user,
which impacts negatively on the object creator [65, 248]. Within this thesis, the person that owns a speciőc
3D printer and purchases a speciőc digital model is denoted with the term user or synonymously customer.
The object creator can either be a natural person or an enterprise and is synonymous to the designer.
Furthermore, the user could perform a sub-optimal parameter selection or positioning operation; thus,
leading to sub-optimal quality of the 3D printed object and the dissatisfaction of the customer. This is
expected to occur more frequently as the number of customers with little experience in this technology
grows [270, 301]. In such a scenario, it would be beneőcial for the object creator to stream the machine code
or machine instructions directly to the 3D printer of the customer; thus, setting the machining parameters to
ensure predictable results. Such a machine code stream can be secured by signatures embedded in the 3D
print itself, which ensures the uniqueness of the object. By parameter selection and positioning by the object
creator, the designer can ensure the best possible 3D printing quality based on previously selected, tested
and documented parameters. To create the machine instruction stream remotely, the object creator must
know what type of machine is available to the user and how to access the machine directly. Depending on
the chosen strategy, the personalisation of the model data can be bound to the individual of the user or to
the identiőcation available for a speciőc 3D printer, e. g., serial number. Direct access to a 3D printer by a
third party over the Internet is currently not possible for a large range of 3D printers in the non-industrial
and non-professional sectors. For such a scenario, there should be an interfacing and controlling instance at
the 3D printer that enables remote and local control. Remote execution must be controlled, supervised and
authorised by the owner of said 3D printer to prevent illicit usage of this resource, see [225] on the issue of
distributed trust.
Streaming Provisioning is deőned as:
Deőnition 6.1 (Streaming Provisioning)
The concept of providing data for object fabrication using Additive Manufacturing (AM) technology by direct
data streaming of pre-processed, personalised and tailored machine code to an end user or customer.
In this study, an architecture and implementation of such a system is presented.
The system consists of an interfacing agent that connects the 3D printing resource to a 3D printing service
that is presented in another work by the author [44], see also Chapter 5. This service enables őne-grained
access control to 3D printing resources by the respective owners.
For the streaming component to work, authorisation to operate the user’s equipment is mediated by the 3D
printing service. The authorisation is őne-grained and requires user interaction to avoid unsolicited and/or
malicious usage of the equipment.
The present study is structured as follows: In the next section (Section 6.1.2), the existing and related
literature is examined and discussed for the applicability to the problem discussed within this study. In
Section 6.1.3, the implementation of the streaming data provisioning system is presented and its relationship
with the cloud 3D printing service is established. Section 6.1.4 discusses possible measures to circumvent
the proposed securing mechanism and their implications. In Section 6.1.5, the implications and risks of the
implemented approach are discussed. This contribution is concluded with a summary in Section 6.1.6.
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6.1.2 Related Work
Research on the security of digital models in AM is currently sparse.
This research is required to avoid problems [285] encountered in the video and music industry due to
improvements in compression technology and the widespread use of broadband Internet connections [69,
144, 170]. One distinction between the video and music sector and the AM sector is that, with the latter
physical objects are the end-product, and thus only duplication in previous steps can occur because as digital
replication from analogue objects is not error free [221].
For an introduction to radio-frequency identiőcation (RFID) technology, refer to the review by Ranky [342].
In the work by Ramirez, Rojas-Nastrucci, and Weller [341], the authors present a 3D printed RFID antenna
design manufactured with FDM technology.
In case of structural alterations to the model data, the implementation is possible with current single
material 3D printers; however, it is limited to applications where the surface quality is malleable or the
structural composition of the object is ŕexible to a degree.
Watermarking on 3D meshes has been performed and researched for more than 15 years. In Benedens [64],
the author presents the required and recommended properties of 3D watermarking technologies as well as an
overview of contemporary algorithms. The use case for his work is the Virtual Reality Modeling Language
(VRML) data of the 3D Web, which is still in development. The author identiőes Ohbuchi, Masuda, and
Aono [312] as the őrst publication to study 3D watermarking.
Research on the perceptual quality of such mesh-based watermarking algorithms is presented in the work of
Gelasca et al. [158]. The authors develop their watermark quality comparison on the surface roughness, which
they identify as indicative of the quality of the object and the watermarking algorithm. Zafeiriou et al. [485]
present two blind watermarking algorithms for the use on 3D meshes. Blind watermarking algorithms (also
identiőed as public watermarking) are usable in situations where only the private key is required for the
detection and extraction of the applied watermark. Both algorithms presented require a large enough number
of vertices within the mesh data. Watermarking algorithms for 3D mesh data are not directly applicable
to 3D printing. This is because the surface alterations are only minute and might not be reŕected in the
physical object sufficiently; therefore, identiőcation of the physical object is not possible.
Chou and Tseng [105] provide a review on 3D watermarking techniques and they identify and present six
robust watermarking algorithms and six fragile watermarking methods.
Identiőcation of objects not relying on surface watermarking or the integration of additional objects or
material into an additively manufactured object is presented in the work by Okada et al. [313]. The authors
describe a method to extract information on internal structural properties, such as cavities in objects, by
the utilisation of far-infrared light. Watermarking can be performed with this approach by the creation of
speciőc internal cavities or patterns that are identiőable. This schema is limited to objects with user-variable
interior structure and does not permit application for objects with speciőc, non-alterable internal structures.
A similar method is introduced by Willis and Wilson [459], which is called InfraStructs and relies on the
detection of mixed-material detection using Terahertz radiation. The book by Yu et al. [482] has a separate
chapter dedicated to 3D model watermarking. The authors provide detailed information on the requirements
for such systems, attack scenarios, restrictions, and applications. In this work, eight different classiőcation
schemes are presented. Despite providing a thorough work on 3D watermarking, the authors do not explicitly
research the application to 3D printing and merely mention 3D printing as a means to generate objects.
In the present study, the technology to apply digital watermarks to 3D objects is combined with a method
of pre-computing the machine code for a speciőc 3D printer at the site of the model owner. This ensures
greater control of the IP that is the model data and hinders customers from being able to reproduce acquired
digital objects intractably while enabling the model owner to ensure high-quality results by selecting proven
parameters for 3D printing on speciőc 3D printers. This combination of technology and the approach to
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implement this on a cloud-enabled 3D printing service is novel and has not been described in previous
literature.
6.1.3 Implementation – Stream Provider
The implementation is performed in the representational state transfer (REST)ful Application Programming
Interface (API), presented in [45] and the corresponding 3D printing service presented in [44], see also
Section 5.3. For this implementation, the LoopBack [205] based API is extended to reŕect the control of the
adaptor component as well as the required permissions and associated permission handling processes. The
streaming component is implemented as a prototype with a backend written in Python and supplemental
components in GNU Bash [149]. Similar to the ‘on demand provisioning’ of services, described in Vukojevic-
Haupt, Haupt and Leymann [447], this adaptor can be regarded as a service endpoint that requires provisioning
before being available to the 3D printing service. The capabilities of the 3D printer, as described by the
resource description presented in Section 5.2, function as the service endpoint description requirements for
the 3D printing service.
As the watermarking algorithm described in [15] is not available as software and no other watermarking
algorithms are available, the implementation will rely on the watermarking schema described in Section 6.2.
As a proof of concept, there is őle alteration software implemented that removes the original őrst layer of the
object. Due to the concept of ŕexible process chains in the 3D printing service, the adaption of a different,
working watermarking system is to be performed by only providing the respective binary or executable
software and deőning the software to be applied with the pre-processing software stack. The adaptor system is
based on a mini-computing system; in the case of the present research prototype this is a Raspberry Pi [346].
The software stack for this computing platform is automatically deployed via the 3D printing service and
is based on ArchLinux OS [444] with relevant components implemented in JavaScript (JS). To alleviate
hindrances with őrewalls and to secure the communication from third parties, the communication is initiated
from the adaptor to a central service instance and secured with Hypertext Transfer Protocol Secure (HTTPS).
The adaptor queries in the central instance for available instructions and establishes a persistent Hypertext
Transfer Protocol (HTTP) 1.1 connection. If the persistent connection is disrupted, periodical service
discovery is initiated.
In Figure 6.2, the sequential process of the acquisition, preparation, processing and streaming of the object
data is displayed with the actors depicted. In this őgure, the ‘Marketplace’ or ‘Object Distribution Facility’
is shown as being separate from the 3D printing service. This separation is arbitrary and is not required.
In the prototypical implementation, the ‘Marketplace’ is implemented within the 3D printing service. If
implemented separately, communication and shared knowledge on users and available models between the
‘Marketplace’ and the 3D printing service must be ensured.
The implementation utilises the following libraries and frameworks:
• Requests [349], Version 2.11.1
• LoopBack [205], Version 2.0
• AngularJS [169], Version 2
• pySerial [258], Version 3.1.1
Instead of storing customer data centrally, and thus providing a potential attack surface for cyber-criminals,
local storage of identiőable information within the watermark on the object is possible. With locally stored
information, the watermarking algorithm must be robust enough so object or model modiőcation is not
possible that will shed the relevant identiőers. For a demonstration of a possible watermarking schema, see
the following Section 6.2.
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User
User
ObjectDesigner
ObjectDesigner
PrinterAdaptor
PrinterAdaptor
3D Printer
3D Printer
Request Model
User selects model from catalogue or marketplace
Requests printer configuration
Allows configuration to be shared
Transmits printer configuration
Information contains build envelope dimensions, max. speeds etc.
Looks up optimal processing parameters from internal database
Positions objects
Applies watermark to object
Slices object with embedded watermark
Generate and store hash of generated GCode
Transmits/streams GCode
GCode is cached in case of network issues
Generates hash of received data
Transfer GCode for validation
Confirm correct receipt of deactivate
Issue print command of received GCode
Confirm completion of print
Confirm completion of print
Update internal database with print time execution, user data and object information
Notify of completion of print
Figure 6.1.: Sequence Diagram for Content Request and Streaming
For the user to have an object streamed to the 3D printer, explicit consent in the form of authorisation is
required. This is necessary to secure the property of the user against unwanted, unsolicited and potentially
harmful usage of his/her equipment. For this authorisation, an access token system is implemented in the 3D
printing service that enables the user to speciőcally grant permission to the object owner to stream data
to the user’s 3D printer. These permission tokens are implemented to restrict the usage to certain times
or time frames, and also to a speciőc number of accesses or further user speciőable constraints. The 3D
printing service enforces the restrictions; thus, it is a requirement that both the user and the object owner
trust the service provider.
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Figure 6.2.: Artefacts and Interactions throughout the Streaming Process
Stakeholders in the application of such technology have different, potentially contradicting, interests. These
interests are identiőed as follows:
• Customer: Cheap purchase; object identical to digital model; fast provisioning; high object quality;
reliable provisioning and 3D printing; no personal data transferred to a third party; ownership of
objects; alterations to object possible and
– Criminal Intent: easily breakable security; intractability of user actions; object duplication;
object distribution;
– Normal: no possible false-positives for criminal usage;
• Object owner: low overhead; no additional cost incurred; fast processing; reliable/robust security;
user satisfaction; data on users for marketing/research; applicable to all objects/No restrictions and
high 3D print quality;
• Marketplace provider: user and customer satisfaction; limited involvement;
• 3D printing service provider: reliable service; no additional attack surfaces; low computational and
logistic overheads and usable on all 3D printing technologies/methods
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6.1.4 Circumvention of Secured Model Data
Users with malicious intent can intercept the streamed G-Code data or retrieve the cached G-Code data
from the adaptor node. With this data, users can 3D print the acquired object more often than the object
creator allowed for. The number of objects the user can 3D print from the intercepted data is not limited by
any constraint. The object data is able to be secured or made identiőable using watermarking technology
as described in [15], which means the distribution of the instruction set can be traced back to the original
downloader or buyer of the object; thus, allowing for legal persecution. Furthermore, as the instruction set is
tailored for a speciőc make and model of 3D printer, the őle cannot be executed on arbitrary 3D printers but
only on 3D printers with the same G-Code dialect and sufficiently similar build dimensions. To make the
application and 3D print on other 3D printers harder it is possible to implement a non-essential structure on
the lowest layer of the 3D print that spans certain parts of the build envelope; thus, risking hardware-damage
in the case of a 3D print on any 3D printer with a smaller build envelope. The drawback of this method
is the increased material required for 3D printing and the relative easy removability of this code from the
G-Code in replication attack scenarios. An adaption of this counter-attack technology is the movement of the
printhead in either the őrst layer or any intermediate layer to the corners of the build envelope, which again
risks hardware damage on 3D printers with smaller build envelopes. Movement instructions in random stages
of the 3D print must ensure that there is no collision with existing material.
Both of these counter-attack methods are ineffective against a replication attack in a 3D printer with a
larger build envelope as with such a system the build envelope would not be exited.
A user can furthermore derive an STL őle from existing G-Code with either a service such as Make-
Printable [295] or software such as BlenderGcodeImport [210]. As the G-Code is altered by the applied
watermarking system, the user is only able to generate an STL or Wavefront 3D őle (OBJ) őle that also
contains the embedded watermark and is traceable to the downloader. Furthermore, this reconstruction is not
necessarily identical to the original as a previous experiment by the author has shown. To further ensure that
such reconstruction attacks are harder to achieve, the G-Code can contain material deposition instructions in
random places in the build envelope that are preceded or followed by material retraction instructions. If the
material extracted is sufficiently short, so that no material is actually deposited or drips from the nozzle
down onto the build platform, or the previous layers of the object and the retraction of material is equal to
the short extraction, then such a converter program can be tricked into registering a part of the object where
in reality no object part is intended.
Attacks on the reconstruction of digital models from analogue 3D printed objects are limited in their
quality by the capturing technology, ranging between an accuracy of 0.08 mm and 0.92 mm as presented in
[75]. For further information on shape reconstruction technologies and associated problems, see the reviews
by Gomes, Bellon, and Silva [165] and Karatas and Toy [229].
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6.1.5 Discussion
The contrary project goals have to be illuminated, i. e., the streaming of G-Code should ensure an improved
replication of the 3D printed object and allow examination by the user; however, the object creator’s body of
thought has to be protected.
To evaluate ‘Streaming Provisioning’ systems, it is possible to apply them into ‘FabLabs’ within the scope
of the test series. During that assessment phase, the system can be checked in terms of:
• functionality or functionality of separate system segments,
• ergonomic or easy-to-use design, i. e., documentation, structuring, and reliability,
• long-term quality assurance, and, especially
• data security [323].
The latter has an effect on the user’s or the object creator’s conődence in the system. If the trustworthy
handling of data is doubtful, then a sense of security cannot be conveyed. Moreover, there is no acceptance
dealing with the system. In other words, it is possible that ‘code streaming’ will not be used. Thus, the
encryption of data or machine code instructions and the content provider veriőcation should be primarily
guaranteed by an assured data transmission that is unambiguously assigned to the speciőc product. Therefore,
the IP has to be established according to the principle of securing IP or protected streaming. At this point,
physical marking in the form of 3D printed signatures of the streamed machine instructions is accompanied
by digital watermarking. As a result, the product’s uniqueness and tractability can be ensured.
Besides the aspect of data security, usability is a decisive criterion of success. Therefore, the system has
to generate feedback that is comprehensible to the user. Here, it is important to concentrate on the target
group. In addition, the user should be informed about the sequences of operation in the course of the 3D
Printing Process (3D-PP). Ultimately, it is indispensable that the user is able to őnd relevant information
intuitively within an ergonomically designed system. Without consideration of the mentioned aspects, a
sustainable and successful deployment of ‘Streaming Provisioning’ is not conceivable.
6.1.6 Summary
In this section, an approach to digitally ensure the integrity and build quality of digitally purchased 3D
objects is presented. These objects are manufactured on the 3D printer of the customer at the customer’s
location. The integrity of the data and the IP of the owner is ensured by a combination of pre-processing of
object data, i. e., positioning and slicing, application of existing or future 3D object watermarking technologies
and encrypted streaming of machine code to a hardware adaptor in possession of the customer. This study
provides information on two possible attack vectors and the avoidance of these. As repositories for digital
objects grow in size and number, the requirement for digitally secured object distribution also grows. This
work aims to minimise previous errors and weaknesses in the distribution of digital artefacts, namely in the
video and music industry.
This section is extended in the following Section 6.2, where a watermarking schema for application in FDM
3D printing is presented.
154
6.2 | Watermarking in FDM 3D Printing
6.2 Watermarking in FDM 3D Printing
The research in this section presents a proposition for a watermarking schema for FDM-type 3D printers.
This system embeds information into the 3D printed object without alterations to the structure or geometry.
This is achieved by altering the entry points of each layer in a speciőc manner. With such a watermarking
schema employed, objects can be embedded with information such as a serial number or other traceable
information.
6.2.1 Introduction
This section is based on the publication by Baumann and Roller ‘Watermarking for Fused Depos-
ition Modeling by Seam Placement’, presented at the Second International Conference on Mechanical,
Manufacturing, Modeling and Mechatronics (IC4M), 2017 [53].
The author developed the core concept, performed the implementation, conducted the experiment, formu-
lated the manuscript and presented the work.
The contribution described herein extends Section 6.1 with a practical application of a watermarking schema
for IP protection. With this watermarking schema, which is applicable to FDM 3D printing, it is possible to
embed information, such as identiőcation numbers, into the resulting physical object. This watermarking
schema does not require additional material or components and is based on the speciőc placement of starting
points for layer deposition.
For commercial scenarios in 3D printing where the creator of a digital model wants to ensure that 3D
printed objects are traceable to the customer, it is essential to embed such information in such a way that it
cannot be removed easily. In the existing 3D model marketplaces, such as TurboSquid [420], the operators
try to prevent IP misuse by contractual obligations. Other service operators, such as i.materialise [282] and
Shapeways [381], do not allow the user to download the acquired model, but only the direct 3D printing through
the service itself. With such a restriction employed, these marketplaces do not require protection of the
models as the models are not in the consumer’s possession.
In the case of limiting the use of a digital model via a contract, the unlicensed use of the digital model
requires some form of identiőcation or information within the model to prosecute potential misconduct.
For future use cases, where marketplaces for digital models allow the user to download a model, it is
also necessary to employ some form of tracing information when the service provider wants to ensure the
legitimate usage of the digital models. Furthermore, watermarking enables the user to assess the authenticity
of an object and to prove (e. g., in liability disputes) that the object was 3D printed under instructions from
the vendor.
The schema is tested in an experiment in this thesis to describe the required features for identiőcation.
This work is structured as follows: In the next Section 6.2.2, the existing and related literature is examined
and discussed for applicability to the problem discussed within this study. In Section 6.2.3, the conceptual
background to the watermarking schema is presented. In Section 6.2.4, the watermarking schema is explained
with Section 6.2.5 presenting information on the detection and decoding process required. Section 6.2.6
presents the results of an experimental implementation of the watermarking schema and this work concludes
with a brief summary in Section 6.2.7.
6.2.2 Related Work
As this work is an extension to, and builds upon work in the previous Chapter 6, the reader is referred to
the related work in the respective Section 6.1.2.
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6.2.3 Theory
To watermark a speciőc object 3D printed with an FDM type 3D printer, without requiring additional or
embedded material such as a RFID chip and during 3D printing, it is possible to either alter the geometrical
structure of the object or alter the deposition strategy that can leave traces in the őnished object.
Alterations to the structure of an object are described in a number of publications on 3D mesh watermarking;
refer to Yu et al. [482]. Structural alterations on the surface are prohibitive in cases that require the verbatim
reproduction of the model data. As an alternative to these methods, internal structural changes for
watermarking purposes are possible, as described in Willis and Wilson [459].
The approach proposed in the present study is based on the alteration of the layer entry points of the
model. In all 3D printing methods that are based on slicing and rely on the tracing of the structural elements
of the objects (i. e., that are not manufacturing one layer in its totality) one point is selected as a starting
point for this layer. The starting point can be located inside of the object or on its boundary. In either case,
one point is the őrst point that is 3D printed on the boundary of the layer of the slice of the object. In the
case of an internal starting point, the strategy to 3D print this layer can be altered without consequences to
having a starting point at the boundary.
In the case of FDM 3D printing, this starting point of a layer is travelled to by the printhead in a
non-extruding move with a retracted őlament. By the minuscule increase of material extruded at this point,
the starting point can be identiőed in the completed object. See Figure 6.3 for a depiction of visible stacking
of starting points on an object 3D printed with yellow acrylonitrile butadiene styrene (ABS) őlament. In this
őgure, all the starting points for every layer are positioned at the same X- and Y-coordinates by the slicing
software.
Figure 6.3.: Object with Stacked and Visible Layer Starting Points
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As these starting points can be identiőed in the completed object and are free to be placed on the boundary
of the object by the slicing software without alterations to the structure, geometry or topology, it is possible
to encode information by controlled placement of these starting points and the consecutive altered layer
deposition path.
6.2.4 Watermarking Schema
In the slicing software MiracleGrue [272] for MakerBot 3D printers and Slic3r [388], the default setting
for the starting or insertion point of a new layer is always at the same position. This leads to a seam like
structure that is visible on the 3D printed object. By employing the following schema for the placement of
the starting points, it is possible to encode one of eight different symbols per layer.
In the proposed schema, the object’s layers are viewed from above and are virtually placed around a central
point. The starting point is then located at any point on the layer’s boundary that lies within the segment
and reŕects the value of the information that is to be encoded for that layer. See Figure 6.4 for an illustration
of the segmentation. This segmentation can be extended to employ more encoding capabilities by shrinking
the areas of the separate segments. The segmentation can also be reduced by expanding the area of the
separate segments down to two segments. In Figure 6.4, value 2 is encoded with this layer as the starting
point, depicted by the green rectangle, and is placed in the second segment. The segments are indicated on a
circle with a dotted line and separated by dashed lines. The object’s layer boundary or perimeter is indicated
by the blue line.
1 2
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8
Figure 6.4.: Watermarking Coding Schema with Starting Point Encoding Segment 2
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The visibility of the entry point can be enhanced by either extruding a small amount of extra material at
this location or by minuscule displacement to generate a hole.
The path for the extrusion is adapted for the speciőc entry point and is under the responsibility of the
utilised slicing software. Each slicing software employs a speciőc strategy for optimal path planning for each
layer with respect to the layer below [41].
One negative consequence of the application of this watermarking schema, is the possibility the object’s
3D printing duration will be extended, as the selected starting point might be farthest from the last point of
the layer below, thus increasing the travel time of the printhead.
To minimise the effects of stacked starting points in consecutive layers for the encoding of the same
information, the starting point must not be placed at the same X- and Y-coordinates. This is achieved by
randomisation of the starting point within the respective segments with thresholding around the previous
layer’s starting point and margins at the segment borders. In Figure 6.5, this pattern is depicted. In this
őgure, the value for segment 8 is encoded in two consecutive layers, with the red dots on the boundary
representing the margin at the segment borders that are unavailable for the selection of the starting point.
The yellow circle with the black border around the green starting point represents the thresholding boundary
around the starting point, which is unavailable for the selection of the starting point in the consecutive layer.
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(a) Layer A
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(b) Layer A+1
Figure 6.5.: Encoding of Segment 8 in Two Consecutive Layers
To identify the order of the segments on the 3D printed object, the őrst three layers are identiőed with
markings in segment 1. For error identiőcation purposes an adapted ISBN-10 checksum [211] is utilised. This
checksum (see Equation (6.1)) is added to the information that is to be embedded in the object at every
tenth place. In Equation (6.1), pi is for the ith place of the information.
p10 = ((
9∑
i=1
i× pi) mod 7) + 1 (6.1)
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The watermarked information is repeatedly adjusted with markings in segment 2 for two consecutive layers
after the checksum is placed at every tenth layer.
The information to be embedded as a watermark is repeated for all layers of the object when the őrst
iteration of the watermark is embedded. Consecutive iterations must not be identiőed with the initial three
layer marking in segment 1.
If the information is not a multiple of nine, then the remaining layers to őll nine layers for the checksum
are identiőed by repetition of a marker in the segment of the last layer that contained information with
an additional marking in the following segment. The layers indicated by this dual marking are not to be
considered for the checksum.
As an example, the information 352 662 631 334 476 1 is to be encoded in the following way. The object
to be manufactured is 8.7 mm in height and the layer size is set to 0.3 mm (Table 6.1).
Layer Segment Starting Height (mm) Note
1 1 0.0 Initial marker
2 1 0.3 Initial marker
3 1 0.6 Initial marker
4 3 0.9
5 5 1.2
6 2 1.5
7 6 1.8
8 6 2.1
9 2 2.4
10 6 2.7
11 3 3.0
12 1 3.3
13 7 3.6 Checksuma
14 2 3.9 Reposition marker
15 2 4.2 Reposition marker
16 3 4.5
17 3 4.8
18 4 5.1
19 4 5.4
20 7 5.7
21 6 6.0
22 1 6.3
23 1 + 2 6.6 Empty, indicated by dual
markers
24 1 + 2 6.9 Empty, indicated by dual
markers
25 4 7.2 Checksumb
26 3 7.5 Starting anew
27 5 7.8
28 2 8.1
29 6 8.4 Last layer of object
Table 6.1.: Watermarking Example
a((1× 3)+ (2× 5)+ (3× 2)+ (4× 6)+ (5× 6)+ (6× 2)+ (7× 6)+ (8× 3)+ (9× 1)) mod 7)+1 = (160 mod 7)+1 = 6+1 = 7
b((1× 3) + (2× 3) + (3× 4) + (4× 4) + (5× 7) + (6× 6) + (7× 1)) mod 7) + 1 = (115 mod 7) + 1 = 3 + 1 = 4
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6.2.5 Detection and Decoding
For the detection of the watermark, at least four digital images of the object must be available. These
images must cover all sides of the object and must be of sufficient resolution to detect separate layers and
starting points. Common layer heights of FDM 3D printed objects range between 0.1 mm and 0.4 mm. A
camera with a 12 Megapixel resolution yields an image of 4200× 2800 pixel (px) size. For an object of 10 cm
height, photographed in its entirety, this results in approximately 4200/100 = 42 px per mm. As the common
layer height is as described above, this means that one layer is represented by approximately 4 pxs.
The decoding can be performed manually by visual inspection or it can be software supported. From
digital images, the orientation of the virtual segmentation can be deduced by the initial marking of the őrst
three layers in segment 1. After identiőcation of the őrst segment, the other segments can be identiőed from
digital images as they are placed in a counter-clockwise orientation.
In digital photo manipulation software, e. g., GIMP [412], it is then possible to highlight or otherwise
mark these entry points, which can then be transcribed back to the original values. The repeated reposition
markers after the checksum at every tenth layer are further indicators of the ease of the decoding of the
contained information.
6.2.6 Implementation
A prototype is implemented as a script, which manually generates a tower with pre-deőned side lengths at
variable heights. Information of 8 bits can be stored per layer with a selected layer height of 0.3 mm. A layer
height between 0.1 mm and 0.4 mm is selectable, depending on the 3D printer. The system is tested on a
MakerBot Replicator 2Xwith ABS 1.75 mm Yellow and ABS őlament from REC, Moscow, Russia.
The software to generate the G-Code is a GNU Bash [149] script.
Figure 6.6 shows the result of an object created containing information embedded in its surface structure.
In this őgure, the starting points are highlighted by red circles and the layers are indicated by blue lines. The
numbers next to the indicative circles for the starting points indicate the respective layer. The őgure depicts
the front side with segments 1 (lefthand side) and 2 (righthand side) visible. The information contained
in this example is xxx1x2x1x2x1xxxxx (with x indicating values not visible from the őgure, i. e., on the
other sides). The image was acquired using a Canon LiDE 210 [96] scanner at a resolution of 1200 Dots per
Inch (dpi). Only one side is depicted for conciseness.
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Figure 6.6.: Experiment Result with Marked Starting Points
Future implementations will embed the watermarking schema into the Slic3r software for enhanced
ŕexibility.
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6.2.7 Summary
In this contribution, an approach to digitally ensure the traceability of an FDM manufactured objects,
by embedding a watermark without the alteration of both the structure and geometry, is presented. The
watermarking schema does not require additional materials or components and is readily available to any
object that is built on a FDM-type 3D printer.
This section concludes the chapter on the problem of IP misuse in the domain of AM. In this chapter,
a concept to safeguard the distribution of digital models within a 3D printing service and a practical
watermarking schema for this application is presented. The methods described herein alter the surface of the
resulting object to a minuscule degree, which can be prohibitive in certain applications. In Chapter 7, the
issue of object quality, more speciőcally geometrical ődelity, is discussed. Through this analysis, it becomes
apparent where such watermarking is impracticable and undesired.
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Quality Aspects in 3D Printing –
Geometrical Fidelity
In this chapter, an experiment to assess the quality of 3D printed parts is developed and presented. With
this experiment, the quality aspect of geometrical ődelity is examined utilising inexpensive tools and software.
Understanding the inŕuencing factors on quality and the achievable quality in 3D printing is relevant to the
application of 3D printing.
7.1 Introduction
This chapter is based on the publication by Baumann, Wellekötter, Roller, and Bonten ‘Software-
Aided Measurement of Geometrical Fidelity for 3D Printed Objects’, in Computer Aided Design (CAD) &
Applications, 2017 [57]. It is also based on the publication ‘Geometrical Fidelity of Consumer Grade 3D
Printers’ by Baumann, Wellekötter, Roller, and Bonten, published in the Proceedings of CAD 2016,
2016 [56].
The author developed the core concept, performed the implementation, designed the specimens, conducted
the experiment, analysed the experiment and formulated the manuscript.
The contribution of this section is the analysis and discussion of the capabilities of Fused Deposition
Modeling (FDM)-type 3D printers to accurately manufacture physical objects from digital models. For this
analysis, specimens with varying inőll patterns and orientations within the build envelope were constructed,
3D printed, and analysed. The 3D printer in this experiment achieved an average accuracy of 93.6 % compared
to the digital model when adjusted for the expected material behaviour of the acrylonitrile butadiene styrene
(ABS) thermoplastic. In the previous Chapter 6, a watermarking schema for the addition of traceable
information to the physical object is presented. This method alters the surface structure of the object to a
minuscule degree, which can contradict the requirement to accurately manufacture the object and is discussed
in this chapter.
With Fused Layer Modeling (FLM) technology, the material is fed to the extruder from a spool of plastic
őlament. The material is heated to approximately 230–250 °C (depending on the material) in the extruder.
This temperature is above the glass transition temperature of ABS [77]. The extrudate is deposited on the
printing bed or existing layers in a bead-wise fashion. When the material is heated and cooled down again its
physical properties change and the material changes its speciőc volume (shrinkage) leading to defects in the
geometry of the 3D printed object in comparison to the original model [397, 454].
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This research focuses on consumer-grade 3D printers and their capabilities to produce objects that match
the original models closely. To clarify the focus on a speciőc class of machines the following classiőcation is
proposed.
FDM 3D printers can be classiőed by precision or cost where professional 3D printers are expected to be
more precise and faster than low-cost or consumer-grade 3D printers. Consumer-grade 3D printers [172] are
frequently not equipped with a climate-controlled, closed build envelope in contrast to industrial machinery.
For the assessment of the capabilities to produce objects that match the original models, the geometric
properties of the 3D printed objects in an experiment are observed. For this work, the following two research
questions are set:
• RQ1: Are consumer-grade 3D printers capable of repeatedly producing objects that match the models
within a certain dimensional tolerance?
• RQ2: How can the geometrical properties of 3D printed objects be acquired with high repeatability
and limited effort?
As a restriction on the models and objects processed, this work focuses on ŕat (2D) objects.
Assessment of the quality of 3D printed parts can be conducted by analysing mechanical properties such
as ŕexibility or strength; object properties such as roughness of surfaces; printability of various features
such as holes of various diameters; overhangs of various angles; viable wall thickness or minimum diameter
of protruding structures. The latter properties can be deducted by 3D printing special test models. Such
models were not used in this experiment because of their inability to be scanned with a scanner. Furthermore,
a secondary experiment on the specimens is scheduled, which is designed to examine the of strength and
roughness properties inŕicted by the orientation and inőll patterns.
The end-user is the most critical inspection instance in the case of consumer-grade 3D printers and he/she
is limited in the tools available for in-depth mechanical and/or specialised analysis. Hence, the research on
graphical or visual object inspection is justiőed.
To assess the quality of consumer-grade 3D printers in respect to geometric ődelity and repeatability,
an experiment that requires limited human interaction and, therefore, is suitable for partial automation is
devised. The assessment of the geometric ődelity is performed on specimens from the experiment utilising
software developed for automated object analysis from scanned image data of the specimen.
This experiment is conducted to ascertain the viability of extracting geometrical information from 3D
printed objects via scanned images using software [80]. Software utilisation enhances the extraction quality
of the geometrical information over manual measurements (i. e., using a calliper [135, 369]) and computer
aided measurements (i. e., measuring dimensions of key points in image manipulation software).
As a secondary beneőt of this experiment, a compilation of high-quality scanned images of 3D printed objects
is created. This compilation poses an added beneőt with the accompanying sensor output acquired during
the manufacturing of the objects for post-mortem analysis. This dataset is published separately in Baumann,
Eichhoff, and Roller [43]. By experimental design, the geometric ődelity of 3D printed parts on consumer-grade
3D printers, in regard to the 3D printing orientation and internal layer orientation, is evaluated.
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7.2 Motivation
For Additive Manufacturing (AM) in general and FLM in particular there is often a mismatch between the
model intended and the resulting object. This is due to a number of reasons, for FLM 3D printing [164]:
• Variations in the quality of őlament (e. g., low quality product or induced by product storage).
• Variations in the őlament diameter and in the circularity of the őlament.
• Motor slippage or incorrect positioning of the printhead.
• Material inherent changes due to the 3D Printing Process (3D-PP) (heating then cooling).
• Detachment of object due to warping or mechanical shock.
• Quality of 3D printer in positioning the printhead and printing bed.
This work is performed under the hypothesis that, additionally to these factors, the geometry of the model
inŕuences the geometric ődelity of the 3D printed object. With this research, a method to evaluate the
quality of a FLM 3D printer, in respect to the geometric ődelity of the 3D printed objects, is proposed. This
method is non-obtrusive, requires no specialised hardware and is applicable after objects are 3D printed.
7.3 Related Work
This section reviews contemporary studies that are related to geometric ődelity assessment and 3D
printing capabilities of FLM and other 3D printing technologies. The research on geometric ődelity stems
largely from the őeld of medicine and utilises bio 3D printing.
The work of Cohen and Lipson [109] proposes a closed loop control system for droplet oriented solid
freeform fabrication (SFF), which they name greedy geometric feedback (GGF). Within this work, they
analyse sources of geometric mismatches between the 3D printed objects and the models. Their technique for
resolving these problems is a scanning technique for online instruction creation. Their approach is not directly
applicable to consumer-grade FLM technology because they base decisions on single droplet deposition and
do not consider bead-wise extrusion in their algorithm.
The author describes the inŕuence of various slicing tools on the perceived quality of the 3D print [41], see
also Section 3.2. For this work, the surface quality of 3D prints from different slicers, the reproducibility
of text and surface features is analysed. Geometrical deviations were up to 57 % (1.14 mm) for speciőc
geometrical features. The slicers were found to have a great inŕuence on the resulting quality of the object.
Hockaday et al. [189] also researched the shape ődelity of 3D bio-printed objects (porcine aortic valves).
They conclude that 3D bio-printed scaffolds can be fabricated with high geometric precision; however, the
accuracy decreases when smaller objects are 3D printed. They measured a geometric overlap (ődelity) between
model and object ranging from 81.7 % ± 1.9 % to 61.9 % ± 4.3 %, depending on object size.
The study by Ballyns et al. [37] focuses on the shape ődelity of tissue-engineered objects with complex
geometry. This study focuses on models 3D printed with FLM technology and data acquired (reverse
engineered) from Magnetic Resonance Imaging (MRI) and Micro Computer Tomography (µCT) machines.
They measured a volumetric error of -21.7 % ± 19.0 % for 3D prints from µCT data and -30.7 % ± 9.4 % for
3D prints from MRI data. The repeatability error is 8.0 % and 8.7 %, respectively.
In Duan et al. [131], the authors perform an experiment with 3D bio-printed alginate/gelatine substrate.
Within this experiment, they measure the 3D printing accuracy to be within 84.3 % ± 10.9 % of the model’s
geometry. Their approach is for a biocompatible 3D printing method that contains living cells on a substrate
applied with a syringe.
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Huang et al. [198] approach geometrical ődelity for AM by altering CAD models before 3D printing to
account for expected deviations induced by the 3D-PP. They apply their technique to cylindrical and polygonal
shapes. Within their experiment on a Stereolithography (SLA) 3D printer, they measured the unaltered
object deviation ranging from -0.006 to 0.02 inches depending on the object’s geometry and size.
In the work of Ogden et al. [311], research is conducted into the inŕuencing factors for geometrical accuracy
of 3D printed objects on a MakerBot Replicator 2Xusing polylactic acid (PLA). The focus of their work is the
transformation of Computer Tomography (CT) and MRI data to printable digital models and the inŕuence
of factors in the transformation process on the quality of the 3D printed objects. In their experiment, they
found statistically relevant deviations in the 3D print quality from the model, especially in the 3D printer’s
Z-dimension.
7.4 Methodology
The approach to this work is to extract geometrical information from high resolution scans of the object.
Manual interaction for this requires the user to detach the object from the printing bed and place it onto
a scanner. The software implementation extracts information on the lengths and widths of the object at
speciőed points from the image data. This process requires the object to be ŕat, which is a limitation in
the current implementation, and the approach is only capable of determining geometric information in two
dimensions. The specimens are of 0.3 mm height for this experiment.
The following processing ŕow for the extraction of geometrical information from CAD/Stereolithography
(őle format) (STL) model őles and the physical 3D printed objects are deőned:
1. If the model exists as STL, then transform it to Standard for the Exchange of Product model data File
Format (STEP).
2. Extract model parameters from the STEP őle, using FreeCAD [150] and Python [338].
3. 3D print model on a 3D printer.
4. Remove object from printing bed and attach it to a prepared paper form.
5. Scan paper form in high resolution and lossless graphics format.
6. Derive geometrical information from photographic scan using software.
The geometrical information from the model and the object are stored in a database for comparison.
7.4.1 Error Estimation
This Section 7.4.1 is based on the publication by Baumann, Eichhoff, and Roller ‘Scanned Image
Data from 3D-printed Specimens Using Fused Deposition Modeling’, in Journal Data, 2017 [43]. For this
publication, the author developed the core concept, conducted the experiment, analysed the experiment and
formulated the manuscript.
From the theoretical pixel (px) lengths for each of the resolutions provided in Table 7.2 below, an error
estimation for the proposed and applied method can be derived.
In Figure 7.1, an example of this error measurement is depicted. In this őgure, the reference lines are
analysed using GIMP software. The dotted lines are from the software. The pxs from the reference lines are
not sharp and lead to measurement errors. Such measurement errors also occur on the corners and borders of
the specimen.
As the pxs in the digital image tend to bleed and the contours of the features are not sharp, uncertainty
in the measurements is inherent. To calculate the uncertainty of the method, measurements are taken to
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estimate known distances of 1 cm and 5 mm. The measurements are taken at two positions, with the őrst
position placed above the actual feature so that this reŕects the maximum distance. The second position is
taken below the feature so that this measurement reŕects the minimum distance. The measurements are then
compared to the theoretical values for these distances as listed in Table 7.2, third column. In this column,
the pxs for a distance of 1 cm are listed for the respective resolution. The resolutions are selected as they are
natively supported by the scanner.
In Table 7.1, the equivalences for the digital units (i. e., px) to the real world units (i. e., mm and cm)
are listed. The second column indicates the equivalent of 1 px in mm and the third column indicates the
equivalent of 1 cm in pxs.
In Table 7.2, the following abbreviations for the columns are in use:
• max and min for the maximum and minimum measured distances for the 1 cm reference in pxs.
• pos. diff and neg. diff for the positive and negative difference to the theoretical value for the reference
distance as indicated in Table 7.1.
• pos. diff % and neg. diff % for the percentage difference of the differences to the theoretical values.
• pos. diff real and neg. diff real for the real-world differences in mm to the theoretical value.
Figure 7.1.: Measurement Uncertainty Apparent in GIMP for Line Thickness Analysis
Dots per Inch
(dpi)
1 px equiv.
x mm
1 cm equiv. x px
600 0.0423333 236.22
1200 0.0211666 472.44
2400 0.0105833 944.88
4800 0.0052916 1889.79
Table 7.1.: Equivalencies of Digital and Real World Units for Different Resolutions
dpi max min pos. diff
(px)
neg. diff
(px)
pos. diff
(%)
neg. diff
(%)
pos. diff
real (mm)
neg. diff
real (mm)
600 246 228 9.78 -8.22 4.14 -3.48 0.41 -0.35
1200 493 458 20.56 -14.44 4.35 -3.06 0.44 -0.31
2400 984 917 39.12 -27.88 4.14 -2.95 0.41 -0.30
4800 1952 1827 62.21 -62.79 3.29 -3.32 0.33 -0.33
Table 7.2.: Measured Errors for References in Various Resolutions
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In Table 7.3, the average percentage and real errors for the average measurements of the reference lengths
are listed per resolution.
dpi average diff diff (%) diff real
(mm)
600 237.0 0.78 0.33 0.033
1200 475.5 3.06 0.65 0.065
2400 950.5 5.62 0.59 0.059
4800 1889.5 -0.29 0.02 0.002
Table 7.3.: Average Errors for References in Various Resolutions
7.5 Implementation
All 3D prints are executed with the same ABS őlament on aMakerBot Replicator 2X 3D printer. The objects
are allowed to cool for approximately one minute after completion of the 3D-PP. During the experimental 3D
prints, sensor data on ambient and machine-inherent factors are gathered.
The software is based on the computer vision framework OpenCV [317] (Version 2.4.12.2) and implemented
in Python (Version 2.7.11). Geometrical information is extracted from both STL and STEP őles of the model.
For the mid-section, the edges from the STEP őle within a deőned range from the centre (in the Y-axis) of
the bounding box are analysed and the average distance between them is calculated to determine the width
of the middle part (inner width) of the object.
7.6 Experiment
The models are generated so that the slicer can only follow the prescribed paths and cannot implement
extrusion strategies independently. The models are created to contain patterns [227] őlling the surface with
0°, 5°, 10°, 30°, 45°, 60° and 90° orientation and are based on the DIN EN ISO 527-2:2012 [123] standard
(Specimen 1B), with alteration of the model thickness to 0.3 mm (the standard deőnes thickness h as 4.0
±0.2 mm). The thickness is chosen to only 3D print one layer and to research inŕuences of the orientation
on the stability (to be published separately). See Figure 7.2 for the design of the models and their pattern
orientation. See Figure 7.3 for the values of the model dimensions. All models are of the same size and only
differ in the orientation of the inőll pattern.
An experiment with three groups is devised, where group A contains objects 3D printed with their longest
side perpendicular to the X-axis, group B objects are oriented with the longest side at an angle of α degrees
against the X-axis where α corresponds to the inőll angle of the pattern and group C consists of objects
3D printed in a different colour as a test of the stability of the software. Objects from group C are also 3D
printed with two layers, i. e., these objects are double the height of group A and B objects.
As the 3D printer cannot move diagonally but has to interpolate diagonal movement from X- and Y-
movement, overlay objects from group A (except for special case of 0° pattern orientation) have shorter
movement paths, with only one axis involved. The objects are 3D printed in ABS (ABS 1.75 mm Pink,
Lion&Fox, Hamburg, Germany and ABS 1.75 mm Yellow, REC, Moscow, Russia). The colour of the őlament
was selected to be purple and yellow (see Figure 7.4) for veriőcation that the software is capable of detecting
object geometry, independent of object colour.
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Figure 7.2.: Pattern Orientation for Specimen
Figure 7.3.: Geometric Properties of Specimen
For this experiment, the following hypotheses are formulated:
Hypothesis 1 (H1):
The more straight lines (only involving one motor/axis) the tool path contains, the more accurate the fabricated
object is to the model.
Hypothesis 2 (H2):
The geometric fidelity of a consumer-grade 3D printer for simple geometries is accurate to within 5 % of the
object’s dimension.
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Figure 7.4.: Colours used for Experiment. Purple (left) and Yellow (right)
Hypothesis 3 (H3):
The automated geometrical analysis of (flat) 3D printed objects is possible utilising a scanner. The error in
measurement is less than 2 %.
The forms with the attached objects are scanned using a Konica Minolta bizhub 42 [240] integrated office
printer-scanner at a resolution of 600× 600 dpi. The specimens are also scanned with a Canon LiDE 210
scanner at resolutions of 1200× 1200 dpi, 2400× 2400 dpi and 4800× 4800 dpi. The 600 dpi resolution leads
to a theoretical px count per centimetre of 236.22047 (Equation (7.1)):
1cm−1 =
√
6002
2.542
(7.1)
This theoretical pixel to centimetre count corresponds well with manually measured values for horizontal
resolution of 235.556 pixel/cm (99.7 % of theoretical value) and 235.91 pixel/cm (99.87 % of theoretical value)
for vertical resolution. These values are averaged over all manual measurements.
7.7 Experiment Results
A total of 135 objects are analysed using the software and manual measurements. Group A consists of 64
elements, group B of 26 elements and group C of 57 elements. Objects from the special case of 0° pattern are
counted for group A and group B. From group C, 12 objects are discarded as their 3D prints failed owing to
communication errors. To verify the accuracy of the system, all objects are measured manually via utilisation
of graphical measurements.
See Figure 7.5 for details on the movement types that occur within each object. In Table 7.4, the absolute
number of movements per model type is listed with the column header abbreviations of No. Moves for the
total number of movement instructions within the őle; No. No-Move for the total number of instructions that
do not move the printhead, e. g., retraction instructions; No. X-Only and No. Y-Only for instructions that
only move the printhead in the X or Y direction, respectively but not the other direction; No. X-Dominant
and No. Y-Dominant for instructions that move the printhead in both axes, but either the X- or Y-axis is
dominant; and No. X-Y Equal for instructions that move the printhead by the same amount in the X and
Y-axis, i. e., diagonal movement.
For the length of the specimen, the systematic error (predictable) due to shrinkage appears dominant
as the standard deviations for all groups are smaller than for the measurements of width and inner width
(see Figure 7.8) and, with the exception of the 5°, 10° and 90° specimens, all specimens from group B are
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A 0 848 376 181 134 143 11 0
A 5 702 280 22 49 340 8 0
A 10 911 368 42 53 424 21 0
A 30 863 77 5 4 722 51 1
A 45 782 25 4 3 476 160 111
A 60 930 49 7 4 412 455 0
A 90 952 38 295 318 178 120 0
B 5 1529 604 224 60 375 263 0
B 10 880 350 148 2 306 71 0
B 30 868 81 121 1 569 92 1
B 45 789 28 163 1 518 74 2
B 60 1042 109 237 1 277 415 0
B 90 954 40 320 296 119 176 0
Table 7.4.: Movement Information per Model
Figure 7.5.: Percentage of Movement Type per Model
within a 2 % tolerance of the expected value. From the standard deviation and the grouping of the specimen,
it appears that random 3D printing errors have less inŕuence on this dimensional measurement. For the
width measurements, the error margins increase for group A and B up to 45° and then decrease again (see
Figure 7.6). Only objects with 45° inőll pattern 3D printed at 45° (group B) are within the expected ±2 %
tolerance of the width measurements. For inner width measurements, the plotted percentiles (see Figure 7.7)
and data indicate a high inŕuence of random errors. Only objects 3D printed with a 5° inőll pattern that are
3D printed at 5° orientation (group B) are located within the 2 % tolerance margin.
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7.7.1 Measurement Results per Model
In this section, the results measured throughout the experiment are presented. In Figure 7.6ff, the measured
values for the respective dimensions are shown separated for each pattern and orientation (group A is
abbreviated with hor and group B is abbreviated with oriented). Furthermore, the aggregated values for
the respective dimensions are displayed (All), as well as the aggregated values for group A (All (hor)) and
group B (All (oriented)). Dashed lines in the őgures indicate the expected values and margins according
to DIN EN ISO 527:2-2012 [123]. Within group A (horizontally aligned) the following measurements are
taken. For the length of the 3D printed objects, the average measured value is 14.78 cm, the median value is
14.79 cm and the standard deviation is 0.124 cm.
The width of the object averages 2.01 cm, with a median of 2.00 cm and a standard deviation of 0.024 cm.
The inner width averages 1.04 cm, with a median of 1.04 cm and a standard deviation of 0.028 cm.
Figure 7.6.: Width of Specimen per Angle and Orientation (in cm)
For group B (orientation with the pattern direction), the following measurements are taken. For the length
of the 3D printed objects, the average measured value is 14.73 cm, the median value is 14.82 cm and the
standard deviation is 0.129 cm. The width of the object averaged 2.01 cm with a median of 2.02 cm and a
standard deviation of 0.027 cm. The inner width averages 1.04 cm with a median of 1.04 cm and a standard
deviation of 0.037 cm.
For group C (dual layer, yellow colour), the following measurements are taken. For the length of the 3D
printed objects, the average measured value is 14.67 cm, the median value is 14.82 cm and the standard
deviation is 0.045 cm. The width of the object averages 1.99 cm with a median of 2.01 cm and a standard
deviation of 0.018 cm. The inner width averages 1.06 cm with a median of 1.05 cm and a standard deviation
of 0.021 cm. In Figure 7.9, a tighter grouping of the measured values for group C is displayed. The expected
value for the respective dimension is indicated by a dashed green horizontal line and the 5 % margins are
indicated by solid red horizontal lines.
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Figure 7.7.: Inner Width of Specimen per Angle and Orientation (in cm)
Figure 7.8.: Height of Specimen per Angle and Orientation (in cm)
The boxplots in Figure 7.9 display the median value for each measurement group, the őrst (lower box line)
and third (upper box line) percentiles, the minimum and maximum (lower and upper whisker, respectively)
and outliers are indicated by circles.
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When overall measurements are combined, the length is on average 14.76 cm, with a median of 14.8 cm
and a standard deviation of 0.143 cm. The average combined width is 2.00 cm, with a median of 2.00 cm
and a standard deviation of 0.025 cm. The inner width averages 1.04 cm with a median of 1.04 cm and a
standard deviation of 0.03 cm.
(a) Left (b) Middle (c) Right
Figure 7.9.: Measurement of Dimensions for Specimens. (a) Left = Length (cm), (b) Middle = Inner Width
(cm), (c) Right = Width (cm)
A certain amount of volume shrinkage of ABS during processing is expected. Figure 7.10 shows a speciőc
volume-temperature (pvT) diagram for POLYMAN® (ABS) from A. Schulman Inc, Fairlawn, Ohio [5].
Given a processing temperature of 220 °C, a speciőc volume of ABS of approximately 1.03 E−3 m3/kg can be
found. At room temperature (25 °C) the speciőc volume is 0.96 E−3 m3/kg, which results in a shrinkage of
7 % [311, 332].
Figure 7.10.: pvT Diagram for ABS from [6]
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7.7.2 Results for Software Extracted Geometry
From the overall set of available object scans, a subset of 50 was chosen to measure the object’s geometry.
The software failed in 10 cases due to misdetected object boundaries. The remaining 40 measurements are in
accordance with the manually measured dimensions. For the length measurement, the average measured
length difference is 9.366 px (2.25 %), with a median of -4.699 px (-0.047 %). The measurement difference for
the width at the right side is on average -58.503 px (-15.15 %) and the median is -14.4 px (-3.23 %). For the
left side width, the measurement difference is on average 5.88 px (-1.3 %) and the median -6 px (-1.38 %).
For the central/inner width, the measurement difference is on average 8.38 px (1.1 %) and the median is
-3 px (-1.26 %).
The fact that the right side is misprinted (e. g., fanned out, missing or bent) in some models can explain
the measurement discrepancies for the width at the right side.
Figure 7.11.: Specimen 59 as read by the Software (Scanned Data)
Figure 7.12.: Annotated Specimen 59 after Analysis by Software
In Figure 7.11, the specimen number 59 is shown as the software reads the image data. It is segmented
from a form (A4 format) that contains a multitude of objects and is scanned against a background that
has a millimetre mesh printed on it. The green boundary around the object is the bounding box around
the identiőed blob. In the middle is a purple dot with coordinates indicating the detected centre of gravity
from which the measurements for the inner width are conducted (indicated by wiggly lines above and below
centre point). The red lines at the centre of gravity are visualisation aids for determining the object’s pattern.
Information is overlaid on the left border of the object for easier human interaction. The line through the
centre (blue) indicates the measured length from averaged points on the left and right side of the object. In
Figure 7.12, the resulting output from the software is displayed as an example.
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7.8 Evaluation/Discussion
Figure 7.13.: Percentage of Single Direction Moves per Model
Root Mean Square Error per Model and Dimension
R
M
S
E
Figure 7.14.: Root Mean Square Error (RMSE) per Model and Dimension (Log-scale)
For the hypotheses that were set before (Hypothesis 1, Hypothesis 2 and Hypothesis 3), it can be concluded
that:
1. ‘H1: The more straight lines (only involving one motor/axis) the tool path contains, the more accurate
the fabricated object is to the model.’
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In Figure 7.14, the root-mean-square error (RMSE) per model and measurement dimension is plotted.
The RMSE for the length dimension (green line) has the largest inŕuence on the averaged RMSE per
model (dashed light blue line). The test sets for B 10, A 60 and B 90 have a visibly larger RMSE than
the other test sets, but only model B 90 can be identiőed with a very high percentage of single axis
movement instructions. The őrst hypothesis (Hypothesis 1) cannot be veriőed. Figure 7.13 provides
information (see also Table 7.4) on the aggregated percentage of single dimensional move instructions
for each model. Information on the movement is directly extracted from the machine code.
2. ‘H2: The geometric ődelity of a consumer-grade 3D printer for simple geometries is accurate to within
5 % of the object’s dimension.’
This is true for the average results of length and width of the objects. Individual results vary by more
than 5 % of the intended geometry. For the inner width, Hypothesis 2 does not hold true as the median
inner width is greater than 5 % of the model parameter (5.3 %). The length of objects from group B
with a 10° pattern varied the most in their measured dimensions. The absolute error for the width
and inner width measurements is smaller than for the measurement of the length as can be seen in
the graph for the RMSE per dimension (Figure 7.13). As the 3D printer cannot scale its accuracy in
response to the model’s structure but can only position the printhead and printing bed based on the
accuracy of the motors, motor controls and associated parts, then this behaviour is expected and valid.
One explanation for the fact that the RMSE for the length measurement is approximately 2–3 orders
of magnitude larger than the remaining measurements is the effect of shrinkage while cooling. For
an assumed shrinkage of 1 % per 100 °C any dimension will be 2–2.5 % shorter than the model for
an extrusion temperature of 245 °C and a room temperature of 25 °C. For the original dimensions of
length, width and inner width this will result in measured dimensions of:
• Length: 14.625–14.7 cm
• Width: 1.9–1.96 cm
• Inner width: 0.975–0.98 cm
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Geometric ﬁdelity per dimension under consideration of shrinkage
Figure 7.15.: Geometric Fidelity per Dimension under Consideration of Shrinkage
When taking this shrinkage into consideration, the measurements per dimension are all on average
within 93.61 % of the expected range. See Figure 7.15 for a plot of all shrinkage adjusted measurements
per dimension (length in blue, width in red and inner width in green) with the average ődelity as thick
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dashed lines in the respective colours. The average adjusted ődelity for the length dimension is 99.03 %,
for the width dimension is 96.91 % and for the inner width dimension is 93.61 %. In Figure 7.15, the
labelling for the X-axis is the original object identiőer used for the experiment and no indication to
group or model is given. The above graph is to visualise the average adjusted geometric ődelity per
measurement dimension. The variations are largest for the inner width dimension as the tolerances are
smallest here. The standard deviation measured is 1.119 %, 1.496 %, 2.775 % for the length, width and
inner width, respectively, at an expected 2 % shrinkage and 1.113 %, 1.488 % and 2.760 %, respectively,
for 2.5 % shrinkage.
3. ‘H3: The automated geometrical analysis of (ŕat) 3D printed objects is possible utilising a scanner.
The error in measurement is less than 2 %.’
This hypothesis (Hypothesis 3) is true, except for misprinted parts that have to be identiőed manually
before processing as the detection capabilities are insufficient. Identiőcation of the objects needs
stabilisation and failed models must not be attempted to be scanned with the software. As an
improvement on the detection of the object, blank white paper – without any markings – is used. This
can avoid the misdetection of object parts, thus improving detection quality. Furthermore, with this
research a baseline for this scanner is established and conversion factors from pixels to centimetres for
this setup are presented. Changes to any of the workŕow components will require re-establishment of
the baseline.
7.9 Summary
With this contribution, it is shown that it is possible to utilise commercially available document scanners
to capture image data of the geometry of 3D printed objects and to use software to extract geometrical
information of the objects from this image data. It is shown that the implemented software is capable of
acquiring the object geometry with a median error value of less than 5 % for ŕat objects, which is independent
of the object’s colour. Consumer-grade 3D printers are capable of 3D printing objects that differ in less than
5 % of the model for larger (greater than 1 cm) structures.
With this section, an analysis of the object quality, namely the geometrical ődelity, is presented. For the
application of 3D printing, knowledge on the achievable quality of an object is important to assess whether a
3D printing technology is suitable to manufacture an object with the required or desired geometrical qualities.
Such an achievable quality can then be represented in the resource description, described in Section 5.2, and
used in the service, presented in Section 5.1. When such information is available for a number of different 3D
printing technologies, 3D printer types and speciőc 3D printers, the user is enabled, via the 3D printing service,
to select the appropriate 3D printing resource for a speciőc object. Resources that are not suitable for the
manufacture of a certain object can be excluded by the service for a speciőc request, thus providing a more
user-friendly interface to 3D printing. The fact, that the resulting quality is often a trade-off between speed,
cost and other factors is not extensively discussed within this chapter. Discussion on this complexity, which
is inŕuenced by a number of parameters including quality and speed, is continued in Chapter 8.
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Object Complexity in Additive
Manufacturing
In this chapter, the complexity of objects is discussed under the perspective of Additive Manufacturing
(AM). In the őrst part, the concept of complexity and its representation in the literature is presented.
Following this is the argument of complexity reŕecting increased costs in manufacturing. This discussion of
complexity is relevant to the design of objects for AM and decision-making for or against the application of
AM.
8.1 Introduction to Complexity in 3D Printing
This chapter is based on the publication by Baumann, Straßer, and Roller ‘Free Complexity in Additive
Manufacturing - A Study in Fused Deposition Modeling’, to be published in the Journal of 3D-Printed
Materials and Systems, 2016 [55].
The author developed the core concept, performed the implementation, designed the specimens, conducted
the experiment, designed and conducted the survey, analysed the experiment and survey, developed the
regression models and neural networks, and formulated the manuscript.
The contribution and content of this section is the discussion of complexity within the AM domain and the
existing complexity metrics for additively manufactured objects. The existing metrics are argued to be inept
for evaluation of the complexity of objects. An experiment is conducted to explore the inŕuencing factors
of objects and their meaning to the complexity. Complexity is expressed as the 3D printing time required
for an object. It is shown, that the complexity within AM is not free, which has been claimed in a number
of statements about 3D printing. The survey that is part of the original contribution is omitted from this
thesis. For a short summary of the survey, it can be stated, that the intuitive rating of complexity is not in
accordance with objectively measurable metrics of complexity, i. e., the Modiőed Complexity Factor (MCF)
metric and 3D printing time. Furthermore, it is concluded that people are distinctly able to identify a more
complex object from a given set of two, albeit not very well.
This work studies the complexity implications of models on the 3D printing time in Fused Deposition
Modeling (FDM) settings. With FDM, the 3D printer extrudes semi-molten thermoplastic in a bead-wise
manner along a pre-programmed machine path. This path is created by the slicer and stored as machine
instructions in a őle, e. g., G programming language (G-Code). The layer height is usually selectable by the
user and is equal to the height of one extruded bead of extrudate. Increasing the layer height quickens up the
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object manufacturing time at the expense of reduced surface quality, i. e., increased stair stepping effects and
lower level of detail. Conversely, a lower layer height results in increased manufacturing times with a higher
level of detail and commonly higher surface quality.
FDM requires a number of active mechanical components for operation including motors for all three
axes and one or more motors for the procurement of őlament from the spool to the extruder. These motors
are bound by physical limitations, which means that they can accelerate and decelerate at speciőc values.
Furthermore, the gantry/extruder is usually moving along guiding rails that exert friction.
With 3D printing in general, it is possible to fabricate objects of complexity that would not be possible
with traditional manufacturing, i. e., formative or subtractive manufacturing. Objects with undercuts, pre-
assembled parts or interwoven/interlocked objects are possible with 3D printing/fabrication as the geometry
of the object is transformed into a machine path that is executed by the 3D printer layer by layer.
The following two hypotheses are tested in this part of the thesis:
Hypothesis 4 (H4):
Objects that are of equal mass/size are fabricated in equal time.
Hypothesis 5 (H5):
Objects that are inscribed by a bounding box of equal dimensions are fabricated in equal time.
There exist a number of publications that provide and discuss the argument for 3D printing, which is
that ‘complexity is free’, e. g., Micallef [292], Winkless [461], Campbell et al. [95], Lipson [261], Lipson and
Kurmann [262] or Kief et al. [250]. Horvath and Cameron [194] state that only the right kind of complexity
is free with a comparison to traditional manufacturing.
With the present thesis, a contribution to the discussion on the cost of complexity of objects manufactured
using 3D printing is provided. This study focuses mainly on FDM technology. Application in other AM
technologies is also discussed where applicable. For this study, an experiment is conducted to assess existing
complexity metrics. Arguments are made for a new and extended understanding of complexity in the realm
of AM.
This contribution is structured as follows: The introduction in Section 8.1 is followed by an overview on
existing deőnitions and an introduction to complexity (see Section 8.1.1). In the section on Related Works
(Section 8.2), the connection to existing works on the topic of complexity research in AM is established. In
Section 8.3, the method for conducting this work is made explicit and the work is founded in established
research and expanded on. In Section 8.4, the experiment, its design and results are presented. In Section 8.5,
the results and implications of the cost of object complexity are discussed and the study concludes with a
summary in Section 8.6.
8.1.1 Definition of Complexity
In a number of publications [67, 98, 451] the complexity of shapes and objects is discussed without a proper
deőnition of the concept itself. These publications rely on the intuitive understanding of the term complexity
by humans. Rodriguez-Toro et al. [359] analyse in their review both the geometrical and the topological
geometry of objects. The authors argue that both streams of complexity measurements are insufficiently
quantiőable and require further research.
In an essay by Gell-Mann [159], the author introduces the problems of deőning complexity. According to
the author, any measure of complexity in the real world is subjective and context dependent. The author
compares various complexity measures such as Algorithmic Information Content (AIC) and computational
complexity (CCplx). Relevant to this work are derivatives therefrom, with the AIC being similar to the
smallest possible description of the object and the CCplx being the required time for manufacturing. Just as
CCplx is abstracted from the physical hardware, the time required for manufacturing must be abstracted
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from the manufacturing technology and be deőned by an abstract number of operations. Similar to CCplx
and its struggle with quantum computing, i. e., where a number of operations can be executed differently
than on regular computing hardware, changes in manufacturing technology indicate that the measure of
required compartmentalised operations can become obsolete.
Lipson [261] refers to complex objects as ‘[...] an oddly shaped object with curved surfaces and notches.’.
The problem with this deőnition is its vagueness. Complexity must be quantiőable and preferably be
computable by software without requiring human intuition.
To make objects comparable in their complexity, clariőcation is required on the object’s size. The deőnition
of object size throughout the present study is inŕuenced by the assumption: that the actual volume of
the object is not a good measurement of its size, as the structure of objects of the same volume can vary
signiőcantly. As an example, a compact cube with a side length of 1 cm has the same volume (V = 1 cm3) as
a hollowed-out cube of 10 cm side length and walls of approximately 1/600 cm thickness.
Therefore, the size of the object is deőned as:
Deőnition 8.1 (Object Size)
The object’s volume divided by the build space required in an AM process.
As a naïve assumption, the build space required is deőned as the bounding box around the object. This
bounding box is spanned by the maximum and minimum values in the X-, Y- and Z-planes.
For a more realistic deőnition of the required build space, the required support material per orientation
of the object, the projected object stability or quality that is orientation dependent and the build volume
utilisation in multi-object 3D printing scenarios must be considered. For a detailed analysis, refer to studies
by Zhang et al. [488] and Kapil et al. [228].
An obvious measure of complexity for objects that are additively manufactured is the number and size of
undercuts and other structures such as slopes and overhangs over a certain angle that require the addition of
support or scaffolding structures. This measure is obvious because the additional material requires additional
manufacturing time. The angle at which overhangs and slopes require a support structure is dependent upon
the manufacturing technology. A number of AM methods, e. g., Laminated Object Manufacturing (LOM),
anchorless Selective Laser Melting (SLM) [446] or Laser Engineered Net Shaping (LENS) do not require
support structures, therefore this measure does not apply to objects manufactured with these technologies.
There are a number of proposed algorithms (see [14, 93, 117]) for the optimal positioning of objects for various
AM technologies. These algorithms perform optimal orientation for objects under various optimisation criteria,
such as minimum supporting material required, maximum machine utilisation by largest possible concurrent
objects 3D printed, highest surface quality or optimised strength of objects for speciőc applications.
For a simplistic calculation of the required support structure, the object is analysed and the facets that are
oriented at an angle greater than a speciőc angle (here 45°) towards the build plane are summarised to a
number reŕecting the amount of support material required. This approach assumes that the part is optimally
oriented by the designer and stored as such in the Stereolithography (őle format) (STL) őle [203].
The following factors inŕuence the complexity of an object and are selected by common sense reasoning:
• Object size: Larger objects are more complex than smaller objects if they consist of the same geometrical
surface and structural features.
• Average facet size and the ratio of average facet size to maximum facet size: The closer this ratio is to
one, the more uniform the facets of the objects are; thus, describing an object of uniform geometrical
features. The closer this ratio is to one, the less complex the object is. The larger the facet size the
fewer details per volume are available; thus, the object is of lower complexity.
• Average distance between vertices and the ratio of the average distance between the vertices and the
maximum distance between the vertices: Objects with a lower average distance between vertices are
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more compact and therefore of lower complexity. Objects with a ratio approaching one have evenly
spaced features and, therefore, are more regular; thus, the object is of lower complexity.
• The number of facets required to minimally describe the internal structure and external surface of the
object with the given level of detail: The more facets that are required and, by extension, the number
of vertices required to describe an object in a speciőc level of detail, the more intricate its structure is
and the more complex it is. Facets are deőned by a number of three vertices in the STL őle format;
thus, linking these two attributes directly. For simplicity reasons, it is assumed that the objects are
stored with the minimum required amount of vertices and facets by the Computer Aided Design (CAD)
software.
• The area that requires support structure added: The larger the area (from overhangs or slopes greater
than a speciőc angle) the more support structure is required; therefore, the object is more complex
The minimal complex object is a small compact cube, which is deőned by a minimal set of vertices and
facets (8 vertices and 12 facets) without any surface details and inner structure. A counter example for an
object of limited complexity but with a high number of vertices and facets is a compact sphere for which a
large number of vertices are required to approximate the spherical surface. For a sphere, the facets are all of
equal size and the ratio of the average distance between the vertices and the maximum distance between the
vertices is characteristic as the vertices are all arranged on the surface of the sphere in equidistance.
For further information on the issue of complexity and its deőnitions, see the review by Adami [7] and the
work by Phelan [334]. For the present study, no type of complexity inherent to the design process itself is
considered. It might be of scientiőc interest to research the introduced additional or reduced complexity in
the design for AM in contrast to design for ‘traditional’ manufacturing.
8.2 Related Work
Research on complexity in general and on AM speciőcally is presented in this section, for the reader to
understand this work and ascertain its relevance.
In the work by Chougule and Ravi [106], the authors present a solution to variant process planning for
the computer-aided casting process. In their study, the authors present a method to retrieve previous cases
of casting processes that match the current problem closely. The authors describe a method to classify
and retrieve previous models based on their geometry and the object’s complexity. Relevant to this thesis
is their research on geometry quality attributes. The authors express the complexity index Y as follows
(Equation (8.1)):
Y = α0 + α1 × Ca + α2 × Cc (8.1)
where, αi are the regression coefficients and Ca is the area ratio deőned below (Equation (8.2)):
Ca = 100× (1−
surface area of cube of equal volume
surface area of solid
) (8.2)
where, Cc is the core complexity factor (Equation (8.3)).
Cc = 100× (1− (
1√
1 + n
)) (8.3)
In Equation (8.3), n is the number of cores. The authors calculate the values of the regression coefficients
to be α0 = −14, α1 = 0.3 and α2 = 0.8.
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Joshi and Ravi [223] extend the previous complexity index to an application with casting models. The
authors take additional geometrical attributes into consideration, which are presented as follows. The authors
regard the application of this complexity index in the design of a manufacturability process. The shape
complexity factor CFestimated is constructed as follows (see Equation (8.4)):
CFestimated = w0 + w1 × CPR + w2 × CAR + w3 × CNC
+ w4 × CCR + w5 × CTR + w6 × CDR (8.4)
where, wi are the regression coefficients; CPR is the part volume ratio, the ratio of the object to the volume
of its bounding box CPR = 1− VpVBB ; CAR is the area ratio, the ratio of the surface area to the surface area of
volume-equal sphere, CAR = 1− ASphereAPart ; CNC is the number of cores, CNC = 1−
1√
1+Ncoredfeatures
; CCR
is the core volume ratio, the ratio of core volume to the bounding box volume CCR =
∑
i Vci
VBB
where Vci is
the volume of the i-th core; CTR is the thickness ratio, the ratio of the maximum and minimum thickness
of features of the object CTR = 1− TminTmax and CDR is the depth ratio, the draw distance, i. e., the maximum
depth of the tooling, in relation to the minimum possible draw distance CDR = 1− 0.5×(min(L,W,H))Dd where
L, W and H are the length, width and height, respectively, of the part and Dd is the draw distance. By
regression analysis, the authors determine the regression coefficients to be w0 = 5.7, w1 = 10.8, w2 = 18.0,
w3 = 32.7, w4 = 29.0, w5 = 6.9 and w6 = 0.7.
Baumers et al. [58] analyse shape complexity from different AM scenarios in 43 case studies. To compare
the shape complexity, the authors propose a complexity index founded in mostly binary attributes. Seven
of the attributes are directly related to the object, whereas other attributes are related to the enterprise
structure, e. g., the number of employees, geographical location of enterprise headquarters or enterprise gross
revenue in the year 2006. The object related attributes are: 1. Internal part structures (INTERNAL), a
binary attribute that indicates whether the part contains a speciőcally designed internal structure or not;
2. Tailored weight distribution (WGHTDIST), a binary attribute that indicates whether the part has a
speciőc geometry tailored for a speciőc balance within the part or not; 3. Presence of organic part geometry
(ORGANIC), a binary attribute that indicates whether a part contains ‘organic’ geometry, e. g., rounded
surfaces or irregular features, or not; 4. Moving elements integrated within the part (MOVING), a binary
attribute that is indicative of sophisticated design; 5. Customisation of individual units (CUSTOM), a
binary attribute that indicates whether a part in a series or batch is individualised or not and 6. Part count
consolidation (CPARTNO), an attribute that reŕects the number of constituent parts as a coded value of 0, 1
or 2. From these attributes the authors propose the formula below as a geometric complexity indicator GC
(see Equation (8.5)):
GCi = INTERNALi +WGHTDISTi +ORGANICi
+MOVINGi + CUSTOMi + CPARTNOi (8.5)
This equation is to be calculated for every object i in an assembly or batch. Problematic with this approach
is the difficulty in assessing the attributes programmatically because organic features are not well-deőned
and cannot be detected automatically. The attributes for internal structures or tailored weight distributions
are equally hard to detect programmatically.
Merkt et al. [291] perform a complexity analysis of the SLM process for which the authors utilise the metric
proposed by Valentan et al. [432]. This metric uses the underlying STL őle as a basis to derive the object’s
complexity. As the STL őle only contains information on the tessellated facets of the object, the authors
derive the metric for complexity based on the number of facets, the ratio of the part’s volume to its surface
and the ratio of a minimal block volume to the part volume. Valentan et al. [432] perform their evaluation on
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six test specimens of varying complexity. The authors state that there is a signiőcant difference between the
object’s volume by estimation of its bounding box and the construction of its convex hull. In their work, the
authors provide information on the calculated metrics for both cases.
In the review by Conner et al. [110] on 3D printing, the authors propose a complexity metric, the MCF,
based on the work by Joshi and Ravi [223]. This metric is utilised to classify objects in the map constructed
by the authors. The authors provide the following formula for the MCF (Equation (8.6)):
MCF = w0 + w1 × CPR + w2 × CAR + w3 × CNH (8.6)
The attributes CPR and CAR are used as deőned in [223] and described above. The values of wa for a = 1,
2 and 3 are identical to the values deőned in [223].
The adaption is the attribute CNH , that represents the number of holes in an object and is deőned as
CNH = 1− 1√1+NH with NH being the number of holes instead of cores in an object. The number of holes in
an object is equivalent to the genus of an object, which can be calculated by the Euler characteristic (see
Equation (8.7)).
χ = V − E + F (8.7)
where, V is the number of vertices, E is the number of edges and F is the number of faces of an object.
These values can be extracted from the STL model using software, e. g., trimesh [118],meshlab [343] or
PyMesh [489].The genus for a singular object is deőned by Equation (8.8):
g = 2− χ
2
(8.8)
In their experiment, the parts range in their MCF from 16.5 to 63.2.
8.3 Methodology
Here, the methodology applied to the design of the experiment and argument on the complexity is presented.
The section is split into two subsections, based on the following two arguments that are put forward to test
the hypotheses (H4 and H5).
The őrst argument is common sense reasoning and is based on the assumptions stated below. Following
these assumptions, it is shown that the complexity of an object does have an inŕuence on the 3D printing time,
which can be equated to cost and, therefore, is not free.
The second argument is an experimental study, which is explained in detail in Section 8.4.
8.3.1 Common Sense Reasoning
This section presents arguments based on common sense reasoning on the issue of complexity and its
reŕection on the cost of AM, especially for techniques that are based on moving parts for the construction of
objects.
For common sense reasoning, the following assumptions are made:
Assumption 1: Objects of equal mass but different geometry require the same amount of material extruded.
Assumption 2: Material extrusion is a physical task that requires a specific amount of time per volume
extruded and is limited by an upper bound that is called the maximum extrusion rate.
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Assumption 3: The movement along the pre-defined machine code is a physical task that requires a specific
amount of time. It is limited by an upper bound that is called the maximum movement speed, vmax. The
movement speed is a function of the ability to accelerate along the path segments length. Movement without
extrusion is referred to as travel. Travel speed is commonly higher than movement speed with extrusion.
For a dual head 3D printer, if it is not a Bowden extrusion type model, the mass of the printhead consists
of the following parts and its lower weight limit can be estimated by the following data:
2x Extruder Motor, Nema17 [378] 210 g
2x Heating Element, 12 V 40 W Cartridge Heater [156] 40 g
2x Extruder, Tytan 3D Goliat 1.75 mm [425] 100 g
2x Hotend, E3D v6 Full Metal Hotend 1.75 mm [90] 120 g
1x Carriage ca. 150 g
The total weight of the parts, which form the moving portion of the gantry system, is 1090 g.
In comparison, the Smart Extruder by MakerBot [278] has a mass of 390 g, the DyzeXtruder [133] weighs
275 g and the Geeetech Mk8 Extruder [157] weighs 450 g. However, these extruders are all single nozzle
models.
Hypothesis 6 (H6):
The printhead is capable of stopping nearly instantaneously (within the precision tolerance for the X- and
Y-axis, which is 11 µm for the MakerBot Replicator 2X [275]).
To test the hypotheses, it is assumed that the 3D printer accelerates at a rate of a = 1000 mm/s2. This is the
default setting in the MakerBot Replicator 2Xőrmware, see below. The distance over which the acceleration
occurs is L = 1 cm. The printhead has an exemplary mass m of 1090 g, as described above.
Maximum acceleration in the Marlin Firmware [375] for the X- and Y-axis is deőned as 5000 mm/s2, with a
default limit to 1000 mm/s2 for extrusion moves and 2000 mm/s2 for travel moves. The CuraEngine [428] and
Slic3r [389] slicers support a user deőned acceleration to overwrite the őrmware setting for acceleration in the
3D printer; however, these settings are not set by default. The MakerBot firmware [276] for the MakerBot
Replicator 2Xdeőnes the default values for travel moves to 2000 mm/s2 and for the acceleration of the X- and
Y-axis to 1000 mm/s2.
With the following calculation in Equation (8.9) and Equation (8.10), the printhead requires 0.141 s for
the L = 1 cm distance.
t =
√
2× L
a
(8.9)
t =
√
2× 10 mm
1000mm
s2
= 0.141 s (8.10)
For a constant acceleration, the printhead reaches a speed v of 141.0 mm/s (see Equation (8.11) and
Equation (8.12)).
v = t× a (8.11)
v = 0.141 s× 1000mm
s2
= 141.0
mm
s
(8.12)
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Deceleration from v = 141.0 mm/s to vterm = 0 mm/s over a distance of Ldec = 11 µm, yields a force F
= -985.01 N, which is equivalent to a weight of 100.4 kg, according to the following Equation (8.13) and
Equation (8.14).
F =
−0.5×m× v2
Ldec
(8.13)
F =
−0.5× 1.09 kg × (0.141m
s
)2
0.000011 m
= −985.01 N (8.14)
This force is too excessive for sustained operation of the components and the machine. The force exerts
common holding torques of stepper motors and might damage the structural integrity of the 3D printer.
Therefore, it can be stated that the hypothesis (H6) is false and the 3D printer cannot stop instantaneously –
within its positioning accuracy.
Under the assumption that the forces for deceleration must not exceed those for acceleration, and with a
maximum speed of 150 mm/s at an acceleration a of 1000 mm/s2, the machine needs to move along a path
of at least 11.25 mm to reach the maximum speed, see Equation (8.15) and Equation (8.16). These values
for maximum speed and acceleration are arbitrarily chosen for this example and depend on the underlying
technology and machinery.
L =
v2
2× a (8.15)
L =
1502
2× 1000 = 11.25 mm (8.16)
Under the assumption that the machine needs an equal distance to come to a halt, paths with distances
less than 22.5 mm are split into equal parts accelerating and decelerating. Paths longer than 22.5 mm are
split into three, with an acceleration phase for the őrst 11.25 mm, a continuous movement phase and a
deceleration phase for the last 11.25 mm.
The time required for each acceleration and deceleration phase is 0.148 s, see Equation (8.9).
In the above case of the movement along a 10 mm path, the path is split into two parts and the time
required for the movement along the path is calculated by Equation (8.17) and Equation (8.18).
t =
√
2× L
a
× 2 (8.17)
t =
√
2× 5 mm
1000 mm
s2
× 2 = 0.1 s× 2 = 0.2 s (8.18)
The speed achieved is v = a× t = 1000 mm/s2 × 0.1 s = 100.0 mm/s.
In conclusion and under the assumption that the deceleration rate is equal to the acceleration rate, the
following formula for t(L) – see Equation (8.19) – can be stated with the limits deőned in Equation (8.20),
Equation (8.21) and Equation (8.22). This formula describes the calculation of the time required to move
186
8.3 | Methodology
along a path of length L.
t(L) =


2×
√
2× L2
a
if L ≤ Llim
2×
√
Llim × 2
a
+
L− 2× Llim
vmax
otherwise
(8.19)
Llim depends on the type of movement for the current segment. Llim = LElim for an extruding movement,
where LElim denotes the limit distance for movements when extruding material depending on the maximum
3D print speed vextrudemax and the acceleration in the extruding movement aextrude (see Equation (8.20)).
Llim = LTlim for a travel movement, where LTlim denotes the limit distance for movements when travelling
and not extruding material depending on the maximum 3D print speed vtravelmax and the acceleration in the
travel movement atravel (see Equation (8.21)).
Llim = LZlim for a movement involving the Z-axis, where LZlim denotes the limit distance for movements
when traveling along the Z-axis and not extruding material depending on the maximum 3D print speed vZmax
and the acceleration in the travel movement aZ (see Equation (8.22)). Movements along the Z-axis generally
do not involve material extrusion. In the whole test set this statement holds true.
LElim =
v2extrudemax
2× aextrude
(8.20)
LTlim =
v2travelmax
2× atravel
(8.21)
LZlim =
v2Zmax
2× aZ
(8.22)
The values in this example are substantiated by data from real software implementations of őrmware and
3D printers as illustrated below.
As examples the 3D print speed of the Dynamo D3D.ONE EVO Black Edition [132] is quantiőed as
450 mm/s and the travel speed is listed as 700 mm/s, the 3D print speed of the Hot Rod Henry Supercharged [33]
is listed as 450 mm/s and the 3D print speed of the Weistek IdeaWerk Speed [382] is 450 mm/s. The 3D
print speed of the WASP DeltaWASP 20 40 Turbo [455] is 600 mm/s and the travel speed is 1000 mm/s. The
3D print speed of the Airwolf 3D AXIOM [13] is 150 mm/s and its travel speed is 400 mm/s.
These examples are of machines that are marketed as exceptionally fast. Common maximum speeds and
acceleration rates are likely to be less.
The formula presented as Equation (8.19) is shown to be valid through application with real-world data. A
simulation is conducted to derive possible parameters for the equation. The parameters that are simulated
are atravel, aextrude, vtravelmax and vextrudemax . In Figure 8.1 an excerpt from the results of this simulation is
presented. Acceleration and speed for the Z-axis are not simulated because movements involving this axis are
insigniőcant in number and contribution to the 3D printing time. For the simulation, the average difference
of the accumulated 3D printing time estimations against the real 3D printing times is used as a measure to
evaluate the őtness of possible parameters. The accelerations for extrusion and travel are simulated over the
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Figure 8.1.: Time Required for the Movement along Speciőc Segment Lengths for Various Acceleration and
Maximum Speed Parameters
atravel aextrude vmax diff Median stdev RMSE
700 1500 80 0.05 13.02 810.66 831.23
1100 1500 80 -0.017 13.09 810.66 831.26
1000 1500 80 -0.005 13.08 810.66 831.26
900 1500 80 0.010 13.04 810.66 831.27
800 1500 80 0.027 13.06 810.66 831.27
Table 8.1.: Top Five Parameters for 3D Printing Time Estimation
range of 500 to 3500 mm/s2 in 100 mm/s2 increments. The maximum speed is simulated in the range of 40 to
200 mm
s
in 5 mm/s increments. The őve results with the best match are further analysed for deviation of the
individual differences. In the simulation, the timing predictions for all objects of the experiment with their
respective parameter set is calculated and tested against the average values of the real timing values. The
best matching parameters are listed in Table 8.1, with the median individual differences in column Median.
The standard deviation is listed in the column stdev for the individual difference of the estimation to the real
3D printing time. Furthermore, the column root-mean-square error (RMSE) contains the root-median-square
error calculated as RMSE =
√
1/N ×∑Ni=1(xi − xˆi)2. The column diff indicates the difference between the
averaged 3D printing time differences from the averaged 3D printing time estimations.
The simulation does not contain evaluation of the Z-axis acceleration as movements in this direction account
for only an average of 0.517 % of all movements in the studied specimens set.
With the parameter selection of atravel = 800mm/s2, aextrude = 1500mm/s2 and vmax = 80mm/s the median
difference in estimated printing time and actual printing time is -13.04 s or -0.97 %. The median difference
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for estimations by the MakerWare software, which is used to generate the G-Code from the STL őles, is
-26.31 s or -2.63 % with an RMSE of 1122.61.
In this contribution, the RMSE on the difference of the estimated 3D printing times and the actual 3D
printing times is calculated according to the deőnition of the RMSE.
The median difference for the printing time estimation from the GPX [417] software that is applied to
transform the G-Code to the Extended S3G File Format (X3G) format is -403.25 s or -33.43 % with an
RMSE of 996.14.
See Figure 8.2 for a compilation of absolute 3D printing time errors in % for every specimen 3D printed.
The 3D printing time estimation from this approach and the GPX 3D printing time estimation are only
available after the machine code is generated. A printing time estimation based on data from the STL őles
and manual measurements taken directly from the CAD modelling software yields a median difference of
-22.71 s or -1.91 % with an RMSE of 1222.0. This calculation is performed using a linear regression model in
Section 8.4.3 on the results from the experiment.
Furthermore, an artiőcial neural net is trained using Weka [147] software to estimate the 3D printing time.
This perceptron yields a median difference of -49.42 s or -4.17 % to the actual 3D printing time with an
RMSE of 4673.63. In the experiment (see Section 8.4), a regression model is established to estimate the 3D
printing time based on the information from the original STL őle.
Assumption 4: Complex objects result in computer generated tool paths with a higher number of shorter
segments than objects of lower complexity and equal size.
If Assumption 2, Assumption 3, and Assumption 4 hold true, then the fabrication of a more complex
object requires longer than the fabrication of an object of comparable size and lesser complexity, due to the
requirement to follow a more detailed path. This argument does not only hold true in cases of fabrication
methods that involve physical movement such as FDM, but also in fabrication methods that involve scanning
strategies that involve mechanical parts. In fabrication methods such as Stereolithography (SLA), SLM
or Selective Laser Sintering (SLS), the objects are manufactured by scanning each layer with a laser that
has a point-like characteristic requiring mechanical or micromechanical components for the control of the
laser beam. Just as the gantry in an FDM setup cannot change directions instantaneously, the laser control
(e. g., digital micro-mirror device (DLP)) cannot change the direction of the laser beam instantaneously. The
control of the laser requires time due to the physical limitations of the actuation of the control system. The
incurred times are much lower than the times required for direction changes in heavy physical objects like
gantries in FDM systems. In SLM/SLS systems, the speed is bound by the time required for melting the
substrate along the scanning path that is dependent upon the energy of the laser beam [108, 474].
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8.3.2 Supporting Experiment
In this section, the supporting experiment for the previous arguments (see Section 8.3.1) is presented.
To verify the arguments and assumptions, an experiment is designed that consists of the supervised 3D
printing of a large (n = 172) number of speciőcally designed objects. The accumulated 3D printing time for
all objects is 1560956.01 s or 433.6 h. These objects are designed with a varying set of geometrical and surface
features to test the inŕuence of the established complexity metrics and to őnd additional prescribing features
for the complexity speciőcation. The experiment is detailed in the following Section 8.4 and the features are
further detailed in Section 8.4.2 on the object design intent. From the experiment, the data (3D printing time)
is combined with an analysis of the respective őles using software. A distinction is made between the data
available from the analysis of the CAD models, the STL őles and the G-Code őles. Calculating the complexity
of an object from the CAD model is affected by a higher degree of uncertainty than for the STL and the
G-Code őles because additional information becomes infused in the őles along the AM process. The goal is
to calculate the complexity, and thus the 3D printing time using only data available in the CAD model and
the STL őle. Information from the G-Code őles is present for completeness reasons and is intended for future
research.
8.4 Experiment
The rationale and details of the experiment conducted are detailed as follows: Section 8.4.1 elaborates
on the design process and structuring of the objects. In Section 8.4.2, the design intent for each object is
detailed. The results of the experiment are presented in Section 8.4.3. The experiment is conducted to
validate the argument from the previous section (see Section 8.3.1) that is based on common sense reasoning.
The experiment is designed with a large number of objects with speciőc features that are tested for their
inŕuence on 3D printing time and the complexity of the object. The expectation for this experiment is that
the different objects will exhibit speciőc responses in 3D printing times, which are based on features expressed
in the object.
As explained in the work by Valentan et al. [432], the acquisition of the volume of the part is not a trivial
task. The volume acquisition is performed in this thesis by utilising and adapting existing software packages.
Using these libraries ensures that the results are repeatable and comparable. In the following experimental
results, there are discrepancies and inconsistencies in the values of certain properties (e. g., facets or genus
and number of holes), which are due to errors in the libraries used. These values are presented in this thesis
for the sake of completeness and are selected by utilising the expertise of the experimenter.
8.4.1 Design
This section presents the decisions behind the design of the experiment and the logical grouping of the
specimens. Furthermore, the composed software for the experiment is presented.
For the experiment 172 specimens are modelled in CAD. These models are built either from 64 building
blocks that are cubes with a side length of 5 mm or are of a speciőc shape and size to test for speciőc aspects
of geometry and size on the inŕuence on complexity. Objects are created without any overhangs or other
features that require supporting or scaffolding material.
The objects are variations of the basic shape of a cube with 20 mm side length so that various scenarios
are included. A group of objects (group A) is modelled to contain holes of varying diameters in the vertical
axis with the diameter related to the number of holes so that the volume of the cube is őxed. This group
aims to test the inŕuence of holes on the complexity, and thus the 3D printing time.
Objects in group (B) vary their basic shape in height and width by a őxed volume by re-arranging a number
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of building blocks. This group aims to estimate the inŕuence of dimensional orientation on the complexity
and 3D printing time. A subset of specimens with rectangular through holes is modelled to test the inŕuence
of the roundness of holes on the complexity. Objects from this group (B1) are of the same volume as the
corresponding objects with round holes.
Group (C) is an adaption of group (A) where the holes are cut off in the middle so that no through-hole or
holes are contained in the model.
Group (D) is a variation of group (B) where the basic shape is transformed into a rectangular shape of
dimensions 10× 20× 40 mm in ŕat, upright and tall orientation, i. e., each side is facing along the Z-axis in
one conőguration. This group is designed to identify the inŕuence of dimensional extent in comparison to the
base shape.
Group (E) imitates an intuitively more complex form with a varying height proőle and a large bounding
box volume. There is variation in the rotation along the Z-axis of this model to research the inŕuence of
dimensional orientation on the complexity and 3D printing time.
Objects from group (F) imitate a lattice-like structure with a high number of through-holes (9); however,
they have the same bounding box volume as the base shape. This group is to further investigate the inŕuence
of holes on the complexity.
Group (G) consists of objects that are a control to the other groups. In this group, there is an object with
a semi-random distribution of small holes and an object with a sloped side but equivalent volume to the base
object.
Group (H) consists of objects that are based on cylindrical structures. This group is to further investigate
the effects of roundness on complexity.
Group (I) consists of objects that are twice the base size of other objects; thus, they have a bounding
box of 40× 40× 40 mm. These objects are variations of the respective smaller objects and are designed to
investigate the inŕuence of size on the complexity.
Group (J) consists of objects that are designed to mimic intuitively complex objects with irregular shaped
surfaces, rounded edges or groupings of various surface features. These objects are designed to further
investigate the effects of surface geometry on the complexity of objects.
All objects are further grouped into two conőgurations of 86 objects each for the slicing where group α
is sliced for an inőll percentage of 20 % and group β is sliced for a solid inőll strategy. All objects are 3D
printed at a layer height of 0.3 mm. The complete 3D printer conőguration is included in the original article;
however, it is omitted from this thesis, due to brevity. The objects are sliced with the MakerBot Desktop
software [274] that uses the Miracle-Grue [277] slicer. The objects are printed on an instrumented MakerBot
Replicator 2X 3D printer [54]. Sensor data – see Section 4.1 – and machine data is acquired during the 3D
print and analysed afterwards. The 3D printing times are extracted from the sensor data and the machine
data that is acquired during the 3D print.
Variance analysis is performed on the acquired 3D printing times to ensure their correctness.
The objects are 3D printed in a dry-run simulation mode, where the őlament is cut off from the extruder.
In this mode, no őlament is extruded thus enabling batch operation. The operation of the 3D printer is
identical to a real extrusion scenario because the 3D printer is not equipped with any closed-loop control
systems that alters the behaviour for cases of non extrusion. To ensure the printability of the specimens, a
selection of objects is 3D printed with the extrusion enabled.
For the programmatic calculation of the complexity factor, software is developed using FreeCad [150]
and its Python [338] Application Programming Interface (API) in version 0.10. With this software, the
geometrical and topological properties of the STL őle are analysed and the attributes calculated.
Using STL őles as a basis for the calculation is warranted as this is the de-facto standard őle exchange
format for 3D printing. Albeit it has shortcomings in respect to accuracy [137, 201], the use of this format
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for the analysis is reasonable as the geometrical information of the model is represented discretely; thus,
enabling fast and reliable analysis.
For further analysis on the structure of the model, the software Admesh [9] for comparative geometric
analysis, GPX for 3D printing time estimations and model processing, trimesh [118] for topological analysis
and gmsh [161] for comparative topological analysis are used.
The software for the analysis of the structures requiring support material is not resilient against internal
object structures that would require support material when on the outside of the object. As an example,
a stacked cube of 10 slices will result in an amount 10 times the cube’s ground area identiőed as requiring
support material, whereas the physical object will require no support material at all. This model structure
is introduced by CAD software via the composition of object parts and is an invalid STL model. The
Miracle-Grue and Slic3r slicers are tolerant to this őle structure. All specimens were modelled and oriented
to require a zero amount of support material. Objects in the resulting set that indicate to require support
material are due to the above mentioned error and are intended to control the function of the software and
test the resiliency of the slicing software.
Table 8.2.: Specimens with Manual Measurement and Calculated MCF
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cube_2_holes A 6.4315 87.3150 16.7247 2 8.000 0.1961 0.8085 0.4226 36.1904
cube_2_p_holes C 7.2156 91.6575 18.0579 0 8.000 0.0980 0.8030 0.0000 21.2126
cube_4_holes A 6.4242 86.3033 16.7120 4 8.000 0.1970 0.8064 0.5528 40.4179
cube_4_p_holes C 7.2124 91.1517 18.0525 0 8.000 0.0985 0.8020 0.0000 21.1984
cube_base B 8.0000 96.0000 19.3439 0 8.000 0.0000 0.7985 0.0000 20.0730
cube_base_s B 8.0000 24.0000 19.3439 0 8.000 0.0000 0.1940 0.0000 9.1921
cube_hi B 8.0000 96.0000 19.3439 0 10.000 0.2000 0.7985 0.0000 22.2330
cube_hi_s B 7.9869 28.0000 19.3228 0 10.000 0.2013 0.3099 0.0000 13.4524
cube_hi_p_hole C 7.9938 32.7099 19.3339 0 12.283 0.3492 0.4089 0.0000 16.8322
cube_hole A 6.4369 88.0302 16.7341 1 8.000 0.1954 0.8099 0.2929 31.9661
cube_hole_s A 6.4360 28.7124 16.7325 1 8.000 0.1955 0.4172 0.2929 24.8992
cube_lat F 4.2380 70.6556 12.6647 9 8.000 0.4702 0.8208 0.6838 47.9116
cube_lat_s F 4.2109 48.2928 12.6105 9 8.000 0.4736 0.7389 0.6838 46.4744
cube_p_hole C 7.2184 92.0151 18.0625 0 8.000 0.0977 0.8037 0.0000 21.2218
cube_p_hole_s C 7.2193 27.1365 18.0641 0 8.000 0.0976 0.3343 0.0000 12.7718
cube_s_1hole A 4.4873 29.8980 13.1565 1 8.000 0.4391 0.5600 0.2929 30.0990
cube_s_2hole A 4.4872 33.7959 13.1563 2 8.000 0.4391 0.6107 0.4226 35.2557
cube_s_3holeb A 4.4495 36.7861 13.0825 3 8.000 0.4438 0.6444 0.5000 38.4418
cube_s_3hole A 4.4499 36.7861 13.0833 3 8.000 0.4438 0.6443 0.5000 38.4408
cube_s_4hole A 4.4970 39.3077 13.1756 4 8.000 0.4379 0.6648 0.5528 40.4717
cube_wide B 8.0000 96.0000 19.3439 0 12.000 0.3333 0.7985 0.0000 23.6730
cube_wide_s B 7.9597 28.0000 19.2789 0 12.000 0.3367 0.3115 0.0000 14.9427
őg E 8.0000 96.0000 19.3439 1 41.250 0.8061 0.7985 0.2929 38.3561
őg_s E 8.0035 46.0000 19.3495 1 41.250 0.8060 0.5794 0.2929 34.4106
Continued on next page
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őg_s_rot E 8.0198 46.0000 19.3757 1 41.250 0.8056 0.5788 0.2929 34.3961
rect D 8.0000 96.0000 19.3439 0 8.000 0.0000 0.7985 0.0000 20.0730
rect_up_s D 8.0000 96.0000 19.3439 0 8.000 0.0000 0.7985 0.0000 20.0730
rect_s D 7.9811 28.0000 19.3134 0 8.000 0.0024 0.3102 0.0000 11.3098
rect_tall_s D 7.9790 28.0000 19.3100 0 8.000 0.0026 0.3104 0.0000 11.3147
cube_3_p
_holes_b_s
C 6.1923 32.1488 16.3074 0 8.000 0.2260 0.4928 0.0000 17.0099
cube_3_p
_holes_b_s
C 6.1923 32.1488 16.3074 0 8.000 0.2260 0.4928 0.0000 17.0099
cube_3_p
_holes_s
C 6.1885 32.1488 16.3008 0 8.000 0.2264 0.4930 0.0000 17.0187
cube_4_p
_holes_s
C 7.2272 30.2731 18.0772 4 8.000 0.0966 0.4029 0.5528 32.0709
cube_4_p
_holes_s
C 7.2272 30.2731 18.0772 0 8.000 0.0966 0.4029 0.0000 13.9948
cube_s_1shole B1 4.4692 31.1004 13.1211 1 8.000 0.4413 0.5781 0.2929 30.4500
cube_s_2shole B1 4.4656 35.9564 13.1140 2 8.000 0.4418 0.6353 0.4226 35.7272
cube_s_3shole B1 4.4647 38.8851 13.1123 3 8.000 0.4419 0.6628 0.5000 38.7529
cube_s_4shole B1 4.4692 41.7352 13.1210 4 8.000 0.4414 0.6856 0.5528 40.8838
cube_shole_s F 6.4397 29.5190 16.7389 1 8.000 0.1950 0.4329 0.2929 25.1771
cube_slope G 7.9995 24.4721 19.3431 0 10.000 0.2001 0.2096 0.0000 11.6331
cube_s_1sshole B1 4.4495 31.1004 13.0825 1 8.000 0.4438 0.5793 0.2929 30.4991
cube_sslat F 4.2211 50.7278 12.6309 9 8.000 0.4724 0.7510 0.6838 46.6790
cube_slat F 4.2112 54.2604 12.6112 9 8.000 0.4736 0.7676 0.6838 46.9907
cube_9_rand G 6.0076 43.1964 15.9816 9 8.000 0.2490 0.6300 0.6838 42.0895
cyl_half_dome H 5.1726 15.6274 14.4641 0 8.000 0.3534 0.0744 0.0000 10.8568
cyl H 6.2832 18.7891 16.4666 0 8.000 0.2146 0.1236 0.0000 10.2426
cyl_1hole H 4.6795 23.5015 13.5296 1 8.000 0.4151 0.4243 0.2929 27.3978
cyl_2hole H 4.6880 26.1006 13.5460 2 8.000 0.4140 0.4810 0.4226 32.6499
cyl_3hole H 4.6810 28.0944 13.5324 3 8.000 0.4149 0.5183 0.5000 35.8604
cyl_4hole H 4.6817 29.7746 13.5339 4 8.000 0.4148 0.5455 0.5528 38.0740
cyl_4_p_hole H 4.7596 30.7080 13.6835 0 8.000 0.4051 0.5544 0.0000 20.0537
cyl_3_p_hole H 4.7546 29.1120 13.6738 0 8.000 0.4057 0.5303 0.0000 19.6268
cyl_2_p_hole H 4.7658 27.2181 13.6953 0 8.000 0.4043 0.4968 0.0000 19.0092
cyl_1_p_hole H 4.7575 24.7485 13.6794 0 8.000 0.4053 0.4473 0.0000 18.1282
cyl_half
_dome_hole
H 3.6653 19.8680 11.4962 1 8.000 0.5418 0.4214 0.2929 28.7141
cyl_half
_dome_p_hole
H 3.7451 21.1151 11.6625 0 8.000 0.5319 0.4477 0.0000 19.5023
Continued on next page
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cyl_half
_dome_dent
H 4.9666 16.0200 14.0774 0 8.000 0.3792 0.1213 0.0000 11.9778
cyl_half
_dome_compl
H 5.0948 17.5778 14.3186 0 8.000 0.3632 0.1854 0.0000 12.9596
comp_őg_1 J 3.3954 22.9749 10.9247 1 8.000 0.5756 0.5245 0.2929 30.9348
comp_őg_2 J 27.1466 91.8996 43.6811 1 64.000 0.5758 0.5247 0.2929 30.9410
comp_őg_3 J 3.2483 23.8829 10.6069 1 8.000 0.5940 0.5559 0.2929 31.6982
comp_őg_4 J 3.2287 23.4688 10.5642 1 8.000 0.5964 0.5499 0.2929 31.6163
comp_őg_6 J 3.0778 23.1148 10.2325 1 8.000 0.6153 0.5573 0.2929 31.9543
comp_őg_7 J 3.9455 25.6878 12.0749 0 8.000 0.5068 0.5299 0.0000 20.7125
comp_őg_8 J 3.7197 26.4698 11.6097 0 8.000 0.5350 0.5614 0.0000 21.5836
comp_őg_9 J 5.7549 34.7065 15.5302 0 8.000 0.2806 0.5525 0.0000 18.6763
comp_őg_10 J 46.0207 138.8272 62.1040 0 64.000 0.2809 0.5527 0.0000 18.6817
comp_őg_11 J 3.8972 18.4320 11.9762 0 8.000 0.5128 0.3502 0.0000 17.5433
comp_őg_12 J 2.6544 13.6569 9.2711 0 8.000 0.6682 0.3211 0.0000 18.6970
comp_őg_13 J 1.3314 9.4641 5.8528 0 8.000 0.8336 0.3816 0.0000 21.5711
comp_őg_14 J 10.6566 37.8564 23.4187 0 64.000 0.8335 0.3814 0.0000 21.5665
comp_őg_15 J 10.6566 37.8564 23.4187 0 68.950 0.8454 0.3814 0.0000 21.6956
comp_őg_16 J 24.1723 29754.408340.4292 49 64 0.6223 0.8641 0.8586 56.0507
comp_őg_17 J 25.3621 29748.191441.7453 0 64 0.6037 0.8597 0.0000 27.6942
l_cube_base_s I 64.0000 96.0000 77.3756 0 64.000 0.0000 0.1940 0.0000 9.1921
l_cyl I 50.2655 75.1563 65.8664 0 64.000 0.2146 0.1236 0.0000 10.2426
l_cube_lat_s I 34.0774 193.1714 50.8309 9 64.000 0.4675 0.7369 0.6838 46.3723
l_cube_lat2_s I 32.9389 346.8632 49.6925 48 64.000 0.4853 0.8567 0.8571 54.3914
l_cube_lat3_s I 32.4472 351.6320 49.1967 49 64.000 0.4930 0.8601 0.8586 54.5817
l_cube_slat_s I 32.7770 392.3690 49.5294 48 64.000 0.4879 0.8738 0.8571 54.7253
l_cube_slat2_s I 32.2788 392.3690 49.0263 49 64.000 0.4956 0.8751 0.8586 54.8794
l_cube_HT_s I 32.0000 64.0000 48.7436 0 32.000 0.0000 0.2384 0.0000 9.9909
l_cube_ST_s I 32.0000 64.0000 48.7436 0 32.000 0.0000 0.2384 0.0000 9.9909
l_cube_LT_s I 32.0000 64.0000 48.7436 0 32.000 0.0000 0.2384 0.0000 9.9909
l_lat3_eq_s I 32.4472 61.0384 49.1967 0 32.447 0.0000 0.1940 0.0000 9.1921
cube_lat_eq_s G 4.2051 15.6316 12.5990 0 4.205 0.0000 0.1940 0.0000 9.1921
cube_p_hole_eq C 7.2180 22.4093 18.0618 0 7.218 0.0000 0.1940 0.0000 9.1921
The specimens listed in Table 8.2 are labelled according to the schema where _s indicates that the object
is modelled from a single base shape and not composed of a number of previously described building blocks,
_shole indicates a specimen with a square hole, _sshole indicates a specimen with a shifted or rotated square
hole, _slat and _sslat indicate that the object’s structure is a square lattice structure, _lat is an object with
a lattice structure, a _p indicates that the object contains partial holes and the abbreviations fig, hi and rect
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stand for őgure, high and rectangle, respectively. The volume is measured in cm3 and the surface in cm2.
The diameter of the equivalent sphere is listed in mm and the volume of the bounding box (BB) is in cm3.
A complete list of the specimens and their design intent is included in the original article; however, it is
omitted from this thesis, due to brevity. The images are rendered using a Web-service developed by the
author. For the respective object description and its design intent, see Section 8.4.2.
8.4.2 Object Design Intent
In this section, the design considerations and intent for the respective objects is presented. No distinction
is made between solid objects, as indicated by _m, and partially solid objects, with this difference previously
discussed in Section 8.4.1
The distinction between objects indicated by _s for massive objects, which are not compounded of smaller
building blocks, is similarly presented in Section 8.4.1 and is omitted from here as well. To aid in keeping
this listing brief, self-explanatory sections, such as the estimation of a certain feature on the complexity or
the 3D printing time are omitted; however, the complete listing is included in the original paper. The objects
are designed to vary in a combination of the following features:
• Object volume
• Object surface area
• Object bounding box
• Object number of holes
• Object geometrical structure of holes
• Presence of rounded structures
• Special properties related to the STL őle format (e. g., small őle size or large őle size)
• Intuitive complexity
The objects are designed to őt within the build envelope of the experiment 3D printer (MakerBot Replicator
2X ).
8.4.3 Results
In this section, the results from the experiment are presented and discussed. For the analysis, software is
designed and implemented. Furthermore, commercial software is employed as stated in Section 8.4.1. The
analysis is performed for a correlation of the data to extract information and enable predictive calculations of
complexity and 3D printing time from the available data.
The following attributes are tested for correlation to the 3D printing time in addition to the MCF. Software
written in Python is utilised to derive the required attributes from the STL őles. In the following list, the
attributes and their expected relevance is described.
• Points/Vertices per object volume: The more vertices, the more details are present thus the higher
the complexity. This is divided by the object volume to normalise and ensure that objects of different
sizes are comparable. In STL, points and vertices are related as three points are required for the
deőnition of each facet.
• Average facet size: The smaller the facet, the more details are present and the more complex the
object is. This is not normalised to reŕect the level of detail of smaller sized objects. This measure is
directly related to the average facet perimeter length as all the facets are triangular shaped.
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• Average normalised distance between each vertex: The maximum of this value is achieved for a
cube with side length s having vertices, i. e., corners, distributed at a maximum distance to each other.
Here, the average distanceDavg isDavg = 3×d+3×
√
2×d+
√
3×d
7 with the maximum distance dmax =
√
3×d.
This calculates to an averaged normalised distance of Dnorm = Davg/Dmax = 1/7+
√
3
7 +
√
6
7 ≈ 0.74022.
• Average, minimum and maximum distance between vertices within each layer: Used to
estimate the diameter and average distances contained in each layer. The higher the maximum distance
is the more spacious and complex a section of the model is. The average distance is indicative of
regularities of the geometry within each layer. If the normalised average distance is close to 1.0 then
this is indicative of a highly regular structure, e. g., a circular structure.
From the experiment, no simple correlation between the complexity and its expression in the 3D printing time
is immediately apparent. No single property of the models can be used for an assessment of the object’s
complexity. By statistical analysis and linear regression modelling, a number of attributes with potential
predictive characteristics are identiőed.
The following list contains an excerpt from the full correlation matrix and lists the 34 attributes that have
a high correlation to the 3D printing time. In this list, a high correlation equates to a Pearson’s r value of at
least 0.75. The list contains the attribute name, the Pearson’s r value and the meaning of the attribute.
• (A)_NO_MOVES_Y_DOM: r=0.7568, which is the number of movements in the G-Code őle that are
dominated by the Y-direction.
• (A)_NO_MOVES_Z_ONLY: r=0.7657, which is the number of movements in the G-Code őle that
are in the Z-direction only.
• (A)_Z_MOVES: r=0.7657, which is the number of movements in the G-Code őle that involve the
Z-direction.
• (MAN)_M_EQUIVALENT_SPHERE_R: r=0.7659, which is the radius of a sphere of equivalent
volume to the object that is used for the manual calculation of the MCF value.
• (MAN)_M_HOLES: r=0.7699, which is the manually extracted number of holes of an object that is
used in the manual calculation of the MCF value.
• (LEN)_MAX_DIST: r=0.7753, which is the maximum distance of any vertex in the STL őle to any
other vertices.
• (MAN)_M_VOLUME_BB: r=0.7952, which is the manually extracted volume of the bounding box of
the object that is used in the manual calculation of the MCF value.
• (ADME)_BB_VOL: r=0.7954, which is the automatically extracted volume of the bounding box
around the object as extracted by the Admesh software.
• (STL)_BB_VOL: r=0.7954, which is the automatically extracted volume of the bounding box around
the object as extracted by the software.
• VOLUME: r=0.7954, which is the automatically extracted volume of the object using the software.
• (A)_NUMBER_OF_BLANK_INSTRUCTIONS: r=0.8391, which is the number of instructions in
the G-Code őle that do not extrude material, i. e., travelling movements.
• (A)_X_MOVES: r=0.8423, which is the number of movements in the G-Code őle that involve the
X-direction.
• (A)_NO_MOVES_Y_ONLY: r=0.8444, which is the number of movements in the G-Code őle that
are in the Y-direction only.
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• (A)_Y_MOVES: r=0.8458, which is the number of movements in the G-Code őle that involve the
Y-direction.
• (A)_NUMBER_OF_MOVES_X_ONLY: r=0.8581, which is the number of movement instructions in
the G-Code őles that are in the X-direction only.
• (MW)_MAKERWARE_MATERIAL: r=0.8664, which is the prediction of the required material by
the MakerWare software.
• (A)_EXTR_B: r=0.8675, which is the extruded material from the left extruder of the 3D printer as
extracted from the G-Code őle.
• (EXT)_B_POS_OLD: r=0.8675, which is the extruded material from the left extruder of the 3D
printer as extracted from the 3D printer log őle.
• (EXT2)_EXTRUDATE_B: r=0.8675, which is the extruded material from the left extruder of the
3D printer as extracted from the 3D printer log őle. This is identical to (EXT)_B_POS_OLD but
retrieved using different software.
• (GPX)_GPX_FILAMENT_LENGTH: r=0.8675, which is the őlament length prediction by the GPX
software.
• (MAN)_M_SURFACE_MM: r=0.8921, which is the manually extracted surface area of the object in
mm2 that is used in the manual calculation of the MCF value.
• (A)_NUMBER_OF_TOTAL_MOVES: r=0.8924, which is the total number of movement instructions
present in the G-Code őle, including non-extruding movements.
• (A)_INSTR_COUNT: r=0.8927, which is the number of instructions present in the G-Code őle.
• (A)_LINE_COUNT: r=0.8930, which is the number of lines present in the G-Code őle.
• (STL)_AREA: r=0.8947, which is the object’s surface area automatically extracted from the STL őle
using software.
• (AWK)_AVG_FACET_AREA_SUM: r=0.8948, which is the sum of the average facet surface area by
the number of facets calculated the software.
• (A)_FILE_SIZE_GCODE: r=0.8950, which is the őle size of the generated G-Code őle in bytes.
• (A)_X_DISTANCE_SUM: r=0.9143, which is the accumulated distance of every movement in the
X-direction from the G-Code őle.
• (A)_TOTAL_LENGTH: r=0.9275, which is the accumulated distance of every movement in every
direction from the G-Code őle.
• (A)_Y_DISTANCE_SUM: r=0.9382, which is the accumulated distance of every movement in the
Y-direction from the G-Code őle.
• (EXT)_PATH_TIME_SUM: r=0.9733, which is the required time prediction based on the information
from the G-Code őle. This is identical to (A)_TIMING_PREDICTION but is calculated by alternate
software.
• (A)_TIMING_PREDICTION: r=0.9733, which is the 3D printing time estimation based on information
from the G-Code őle.
• (GPX)_GPX_TIME_SECONDS: r=0.9766, which is the 3D printing time estimation from the GPX
software in seconds.
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• (MW)_MAKERWARE_MIN: r=0.9766, which is the 3D printing time estimation from the MakerWare
software in minutes.
The above list contains attributes with high correlation factors and includes attributes that are only
available after the G-Code creation, which are included for completeness.
From the attributes with the highest correlation, a linear regression model and an artiőcial neural network
(multilayer perceptron) is constructed usingWeka and described in the following text after the linear regression
model. Collinear attributes and attributes available only after the G-Code generation are excluded.
The following linear regression model (Equation (8.23)) yields a median difference of -22.71 s or -1.91 % of
the estimation of the actual 3D printing time. The calculated RMSE is 1222.01. The linear regression model
yields a median of the absolute differences of 78.17 s or 6.9 % of the actual 3D printing value.
The linear regression model is built using Weka’s LeastMedSq classiőer (see [366]), which is described in the
Weka documentation as follows: ‘Least squared regression functions are generated from random subsamples
of the data. The least squared regression with the lowest median squared error is chosen as the őnal model’.
This classiőer is used, rather than the standard linear regression classiőer, because it constructs a linear
regression model without negative predictions, which cannot occur in real-world data. These values are
calculated by determining the average and median of the individual difference of the object’s 3D printing time
to the object’s predicted 3D printing time. Both the linear regression models and the multilayer perceptron
are created on the dataset that is pruned from collinear attributes.
(PT)_PRINTING_TIME = 10.6629×X
+ 10.3387×Y
+ 16.1702× Z
+ 560.8984× (PARA)_INFILL_PERCENTAGE
+ 0.272× (LEN)_MESH_POINTS
+ 9.8252× (LEN)_MAX_DIST
− 9.9286× (LEN)_AVG_DIST
+ 0.2624× (LEN)_MAX_AREA
− 0.2024× (LEN)_AVG_AREA
− 0.0069× (LEN)_AVG_MAX
+ 2.9115× (LEN)_AVG_MIN
− 12.0418× (LEN)_MAX_MAX
+ 0.5405× (LEN)_MIN_MIN
+ 42.4058× (MAN)_M_VOLUME
+ 0.142× (MAN)_M_SURFACE_MM
+ 58.1235× (MAN)_M_HOLES
− 0.0005× (E)_STL_FILE_SIZE
− 0.0004× (AWK)_AVG_FACET_AREA_SUM
− 468.573 (8.23)
In the linear regression model, the attributes X, Y and Z are the dimensions of the object in the X, Y and
Z directions.
• The attribute (PARA)_INFILL_PERCENTAGE represents the inőll percentage of the model used
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in the experiment as either 20 % inőll (0.2) or 100 % (1.0) inőll. It can be stated, that a fully dense
3D print is uncommon in 3D printing and this selection is performed to evaluate the maximum dense
objects.
• The attributes starting with the string ‘(LEN)’ are from software written by the author.
• (LEN)_MESH_POINTS denotes the number of points in the mesh that is used to describe the object
in the STL format.
• (LEN)_MAX_DIST denotes the maximum distance of mesh points between each other, for this
calculation a point traversal over every point is performed. This attribute describes the widest distance
within the object.
• (LEN)_AVG_DIST denotes the average distance between each point of the mesh and is indicative of
the compactness and regularity of the object.
• (LEN)_AVG_MIN identiőes the average minimum distance between all vertices of the mesh. This
attribute is also indicative of the compactness of the object.
• (LEN)_MAX_AREA denotes the maximum area size of any facet of the STL model and is indicative
of the largest planar face of the object. The smaller the largest facet is the more detailed the object is
perceived to be.
• (LEN)_AVG_AREA is the average facet area of all facets in the STL mesh. The smaller the average
size of the facets is the more detailed or smaller an object is perceived to be, and thus the less complex
it is.
• (LEN)_AVG_MAX denotes the average of the maximum distances between each point within a speciőc
height variation, i. e., the maximum distance of all points within one slice or layer.
• (LEN)_MAX_MAX denotes the maximum distance of all points of each layer among all layers, i. e.,
the widest distance through the object in any plane parallel to the printing bed.
• The attribute (LEN)_MIN_MIN analogously denotes the narrowest distance through the object.
• The attributes starting with the string ‘(MAN)’ are manually extracted directly from the CAD software
from the original CAD models.
• (MAN)_M_SURFACE_MM denotes the surface area of the object in mm2. The larger this value is,
the bigger the object is or the more detailed its surface structure is.
• The attribute (MAN)_M_VOLUME identiőes the object’s volume in mm3.
• (MAN)_M_HOLES denotes the number of holes through the object. The number of holes is required
for the calculation of the MCF value and the more holes an object contains, the more complex the
object is according to the MCF metric.
• (E)_STL_FILE_SIZE denotes the őle size of the STL őle in bytes. This attribute is indicative of the
details and general size of the object. The larger the őle size, the more facets are contained in the STL
őle; thus, describing either a larger object or an object with a more detailed geometrical structure.
• The attribute (AWK)_FACET_PER_VOL denotes the quotient of the number of facets of the object
by the objects’ volume.
The generated multilayer perceptron with one hidden layer for the prediction of the 3D printing time is
included in the original article and omitted from this thesis due to brevity. For this perceptron, Weka software
calculates a correlation coefficient of 0.9892, a mean absolute error of 180.76 and a relative absolute error
of 11.14 %. The Weka quality assessment is translated to a median prediction error of -49.42 s or -4.17 %
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with an RMSE of 87.32. The median absolute difference is 56.61 s or 5.07 %. A perceptron with one single
hidden layer is chosen over a model with two or three hidden layers because their correlation is calculated as
r = 0.9916 and r = 0.9898, respectively. The associated mean absolute error is 184.60 and 194.13, respectively,
and the relative absolute error is 11.39 % and 11.98 %. The perceptron with one single layer provides the
lowest mean absolute error out of these three.
With this experiment performed, it is concluded that the MCF as presented by Conner et al. [110] is not
useful for the complexity estimation of an object, under the assumption that the complexity of the object is
reŕected in the required 3D printing time. This is because the correlation coefficient (Pearson’s r) between
MCF and the 3D printing time is only 0.3976. Furthermore, the experiment is indicative of the impracticality
of the metric proposed by Valentan et al. [432], i. e., ratios of volume and facets, ratio of volume and surface,
and ratio of bounding box volume and object volume.
In Figure 8.3, the increasing printing time is displayed with the respective calculated MCF values. From
this őgure the low correlation between those values is visually evident.
To abstract from the technology dependent factor that is the inőll, the following linear regression model is
constructed based only on the fully inőlled specimens (see Equation (8.24)).
(PT)_PRINTING_TIME = 18.0329×X
+ 24.4683×Y
+ 27.6732× Z
+ 0.6106× (LEN)_MESH_POINTS
− 18.7102× (LEN)_MAX_DIST
+ 26.5041× (LEN)_AVG_DIST
+ 1.3806× (LEN)_MAX_AREA
− 2.7424× (LEN)_AVG_AREA
+ 0.0362× (LEN)_AVG_MAX
+ 5.4688× (LEN)_AVG_MIN
− 28.3729× (LEN)_MAX_MAX
+ 92.7886× (MAN)_M_VOLUME
+ 42.0584× (MAN)_M_HOLES
− 0.0011× (E)_STL_FILE_SIZE
+ 0.0006× (AWK)_AVG_FACET_AREA_SUM
− 668.2401 (8.24)
The attributes of this model are the same as in the previous model for the linear regression model that was
predicting the 3D printing times of all objects.
Weka software calculates a correlation coefficient of 0.9672 and a relative absolute error of 21.294 % for
this model, which translates to a median difference of 7.9 s or 0.45 % and a median absolute difference of
130.86 s or 9.44 %. The RMSE is 320.28.
With this model the argument for a complexity metric can be made as follows: The complexity of a 3D
object is described by its dimension characteristics and the level of detail on its surface and structure as
indicated by the attributes described above.
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8.5 Discussion
From the data available through the experiment, there is no correlation evident (r = 0.3976) for complexity
measured using the MCF and 3D printing time.
The specimens 3D printed in the experiment range from 339 s (100 %) to 13009 s (3837.5 %) for mixed
solid and partially őlled objects or from 405 s (100 %) to 13009 s (3212.1 %) for a comparison of only solid
objects. This time difference is not only due to the objects being 3D printed with an inőll of 20 % or 100 %.
All specimens are created to be of the same or similar volume or 3D printed within a bounding box of the
same or similar volume. The volume of the objects 3D printed ranges from 1.33 cm3 to 64.0 cm3.
The data gathered during this experiment from the CAD models, the STL őles, the G-Code őles and from
the 3D print itself are listed as supplemental material in the original article.
This experiment yields a usable complexity metric in the form of the linear regression model described
in Equation (8.23) with the described attributes. This model predicts the variance of the 3D printing time
based on a number of objectively calculable and derivable factors pertaining to the geometry of the object.
Existing complexity metrics are shown to be insufficient for an explanation of the phenomenon of the
various 3D printing times. The argument for the increased cost of printing more complex objects stands and
is supported by the experiment. The argument relies on the complexity reŕecting in shorter segments that is
information only available in intermediate stages of the 3D Printing Process (3D-PP).
8.6 Summary
In this work, existing publications on complexity measurement for objects to be manufactured additively
were reviewed. From a general remark on complexity, a deőnition for the complexity of objects in the
domain of AM is developed. More speciőcally, this deőnition is tailored towards FDM 3D printing. The
work presented here is not only limited to FDM; it is also applicable to complexity evaluation of objects
that are manufactured additively within machines that require the following of paths, either mechanical or
using scanning systems such as lasers. The arguments put forward are őrst of all based on common sense
reasoning, with the arguments made allowing for the conclusion that complexity is not free in the world of
FDM AM. By the analysis of possible inŕuencing factors on the 3D printing time through an experiment,
the argument against free complexity is further strengthened. The experiment conducted on 172 specimens
with varying properties on a MakerBot Replicator 2Xyielded data for in-depth analysis of the properties
inŕuencing 3D printing time. As a by-product of this work, the deőnition of 3D printing time estimation
formula based on existing G-Code data is performed, as well as a 3D printing time estimation method based
on linear regression and one method based on artiőcial neural networks using data available from the STL
őles is performed.
The proposed formula for the prediction of the 3D printing time, based on the G-Code data, is tested in
an experiment and yields estimations that are only about 13 seconds off as the median from the actual 3D
printing times.
This chapter concludes the contributions in this thesis. In the following Chapter 9, the thesis is summarised
and potential future research directions and opportunities are presented.
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Summary and Future Work
In this chapter, an overview of the contributions and results presented in this thesis is provided. Following
this summary, an outlook on possible future research and research directions in this domain is given.
9.1 Summary
3D printing is a technology that has a history of over 30 years [62, 83]; however, it has only come to the
general attention recently [283]. Beginning around 2000, when key patents expired, the market for consumer
devices has grown, bringing 3D printing technology to the attention of the press and the general public.
Technological improvements, a reduction in the cost of devices, increased reliability and increased performance
have made this technology available to a broader audience. The professional sector of 3D printing has
certainly beneőtted from this general interest because funding and research has increased. Furthermore,
from the populace, talented people and clever ideas can be acquired and utilised. The author regards this
consumer-driven development inseparable from, and beneőcial to, the professional development of this domain.
This thesis provides solutions to problems that exist in both segments and where it might be only applicable
for one segment currently it is expected to beneőt the other segment in the long term.
In Chapter 1, an introduction to the concept of 3D printing was provided. Current problems of this
technology, as presented in the literature, are discussed and the structure of the thesis presented. The
thesis’ structure is oriented towards the solution of a number of current challenges through seven aims and
contributions grouped into six chapters. In this chapter, it is stated what each contribution (Chapter 3 –
Chapter 8) provides for the advancement of 3D printing or Additive Manufacturing (AM).
In Chapter 2, the background of the thesis, 3D printing, was discussed and introduced. An explanation of
how the terminology is used in the thesis and what the terminology in scientiőc literature and standards
is. In this chapter, the terms of 3D printing, AM and other relevant notations were discussed in detail and
critique on the current terminology was issued. The 3D Printing Process (3D-PP) was presented for use
throughout this thesis. The contributions in this work are located in the multi-step 3D-PP in their respective
chapters. The general relevant literature was presented, with specialised literature located in the speciőc
chapters and sections. The literature sources for the thesis and an extension to a study for the display of
online 3D printing services were also provided in this chapter.
The content of Chapter 3 was the presentation of a őle format that is capable of including and storing
all information, such as process parameters selected, and őles, such as the Computer Aided Design (CAD)
models or Stereolithography (őle format) (STL) őles, pertaining to the fabrication of a physical object, which
is denoted as a 3D print job. This őle format was implemented in the 3D printing service, presented in
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Chapter 5, where it was used to store, manipulate, retrieve and exchange information and data from a 3D
print job. With this őle format, the exchange of information was simpliőed; thus, allowing for increased
collaboration and cooperation on 3D printing. The second contribution described in this chapter was the
analysis of the inŕuence of slicing software on the achievable quality. For this contribution, an experiment
was designed and performed with the intention of allowing users to select the appropriate software for their
requirements.
The topic of Chapter 4 was process monitoring in AM. For this, the chapter presented the development of
a monitoring system based on commercially available video cameras, i. e., webcams, with software allowing
for the automated object detection. The object detection was based on computer vision and allowed for
failure and error state detection during the 3D-PP. With this error state detection, a service or controller
was able to control the 3D printing and avoid costly misprints. This chapter also presented the concept
and development of ŕexible, extensible wireless sensor nodes for retroőtting to existing 3D printers. With
these sensors and their integration into the proposed 3D printing service, the understanding of inŕuencing
factors and, eventually, the direct, closed-loop control of the 3D print was furthered. For Industry 4.0-like
applications, or cyber-physical system (CPS) in general, the state of the device and its surroundings must be
acquired and analysed, which was enabled by the proposed sensor nodes.
In Chapter 5, the main section of this thesis was presented, which is the concept and development of an
online, cloud-based 3D printing service, for the remote access, control, management and collaboration of
3D printing resources, both hard- and software. In the second part of this chapter, the underlying resource
description for the AM domain and its ontology was presented. The ontology and resource description are
based on a list of properties of 3D printing resources, with focus on properties and ŕexibility. The third part
of this chapter was the contribution on the extensible and ŕexible Application Programming Interface (API)
developed to achieve abstraction for various 3D printers in the 3D printing service. The API and the service
are closely intertwined and support users and resource management, as well as enabling collaboration and
cooperation. The service is intended for communal use and relies on concepts for Cloud Manufacturing (CM)
and related online 3D printing services. For this service, an extensive requirement analysis was presented and
implementation described along those requirements.
In Chapter 6, the increasing issue of Intellectual Property (IP) protection in the AM domain was thematised.
In an analogy to the video- and music industry, the safeguarding of digital models in 3D printing services
was discussed and a concept to ensure the traceability of the digital model and physical object was presented.
The additional beneőt of this concept is the increased control of the 3D-PP by the model owner, ensuring
optimal parameter selection for the customer’s 3D printer. In the second part of this chapter, a watermarking
schema for the application in Fused Deposition Modeling (FDM) printing was presented. This watermarking
schema does not require additional materials or objects. With this watermarking schema, which is based on
seam placement, i. e., the entry or starting point of a layer, it is possible to embed information into the digital
model that is then represented in the physical object; thus, making it traceable to the purchasing customer.
In Chapter 7, the quality aspect ‘geometrical ődelity’ was analysed. In this chapter, the levels of quality
expected when applying FDM technology were researched. This knowledge is important in decision making
regarding the application of 3D printing. For this research, an experiment was conducted and the specimens
were analysed using a commercially available document scanning device. It was shown that the mean error
was less than 5 % for sufficiently sized object dimensions.
In Chapter 8, the issue of object complexity in 3D printing was evaluated. The complexity of an object
was reŕected in the time required to fabricate it, and thus it is essential to further the understanding of
the inŕuencing factors of complexity to assist with design and manufacturing decisions. Without a proper
understanding of the issue, a decision to fabricate an object additively is unfounded. Furthermore, without
this knowledge, the design of an object can be suboptimal and might not leverage the beneőts from AM. In
this section, it was reasoned that all 3D printing technologies that involve the movement of any part are
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prone to the same argument that certain design decisions inŕuence the object’s complexity. In addition, an
experiment was conducted to retrieve the inŕuencing factors as presented in the available őles.
In this Chapter 9, a summary of the complete thesis is provided with an outlook on future research
opportunities arising from the research conducted and presented herein.
9.2 Future Work/Research Opportunities
Based on the contributions presented in this thesis, several possible extensions or future research opportun-
ities have arisen. An incomplete list of these opportunities includes:
1. User experience and user interaction research on the implemented 3D printing service.
2. Machine learning based on data generated within the 3D printing service, to increase the user
friendliness and precision of the 3D printing time estimations.
3. Industrial application and integration in company- or site-wide deployments with professional
equipment and integration into supply chains.
4. Design support for AM, based on the study of object complexity, speciőc requirements and capabilities
of AM technologies and the integration within the 3D printing service.
5. Direct, closed-loop 3D printer control utilising the developed sensor nodes. Further, the develop-
ment towards Industry 4.0 and smart devices.
6. Cyber and physical security relating the 3D-PP.
The aforementioned topics are brieŕy discussed in the following Section 9.2.1–Section 9.2.6.
9.2.1 User Experience and User Interaction
Future research can be aimed towards improvements in the handling of the 3D printing service by the
users. Based on user observations and surveys, user experience can be improved and aimed towards differing
user groups. User groups are diverse in their abilities, knowledge, expectations and experience with the
3D-PP, underlying services and technologies and collaboration. Different user groups can be identiőed and
studied via the application of the 3D printing service in different environments, such as Fab Labs, industrial
or professional environments, end-user settings, or research environments. By using the service together with
other contributions of this thesis it can be utilised as a platform to research usage and application patterns
and help identify further requirements.
9.2.2 Machine Learning
Just as other Internet services try to learn from the user’s input and behaviour, the presented service can
be enhanced to learn from the user interaction to anticipate future behaviour. Aspects of behaviour that
could be learned via observations, include parameter or hardware selection by the user. Aggregated over the
complete user base, the service could be enabled to learn what parameters are suitable for certain kinds of
models and machine combinations. The User Interface (UI) can be enhanced through this ‘intelligence’ to
present parameters for the user’s 3D print job that are known to work well in anticipation; thus, increasing
the user’s satisfaction and machine utilisation. Utilisation is increased in this case because misprints are
reduced by the application of working parameters and conőgurations.
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9.2.3 Industrial Application and Integration
The research for this thesis lacks the integration and utilisation of industrial-grade 3D printers, due to their
unavailability in the research setting that the thesis was conducted in. The proposed 3D printing service will
beneőt from the application, testing and evaluation in industrial environments. Conceptually, these resources
are near-identical to machines available to end-users and to this research. It is expected that additional
requirements and usage patterns will arise in professional settings. In the research leading up to this thesis,
the integration of Business Process Management (BPM) and BPM-software for controlling and deőning 3D
printing service compositions was explored and can function as a basis for future extensions. For example,
the following questions can be researched in the future:
• How can a resource be shared internally in one location or in disperse locations?
• How is it possible to integrate AM completely into the supply chain?
• How is it possible to share a professional resource with competitors?
• How can AM resources be integrated into the traditional manufacturing process?
• Is AM a viable alternative to traditional manufacturing or what are its special application scenarios?
• How can software support for all stages of the 3D-PP be improved?
• How can efficiency and utilisation be maximised through optimal scheduling?
• How is it possible to integrate BPM into the service control and management, to harness existing
concepts and software?
9.2.4 Design Support
Through increased knowledge gathered through the service and further analysis in complexity and printab-
ility, the design knowledge can be manifested in design rules. With this knowledge brought to usable form,
the design process for AM can be enhanced, for example, by providing automated guides or wizards in CAD
that are tailored to harness the possibilities provided by AM. Speciőc structures must be avoided in AM,
e. g., lack of outlets in certain 3D printing technologies, and certain 3D printing technologies have inherent
material changing behaviour such as shrinking, which must be observed while designing an object. Currently,
this kind of knowledge is acquired through the application and must be learned. By providing automated
support in the design phase, the overall quality of the objects can be increased and the designer is supported
in the learning process. Furthermore, future research is required on how to deduce models for AM from
models for subtractive manufacturing and vice versa.
9.2.5 Direct, Closed-Loop 3D Printer Control
Most end-user 3D printers are currently not equipped with a closed-loop control for 3D printing, which
means that the 3D printer executes its own programming, regardless of internal or external errors that can
lead to misprints. Through combination of the monitoring capabilities described in this thesis, via both
computer vision based and sensor based, and integration in the online 3D printing service, closed-loop control
can become a possibility. For this control to work, the precise placement and position of the components of
the 3D printer has to be known. Acquiring the precise position of the components, e. g., the printhead is
currently only possible with expensive sensors, such as magnetic or optical encoders. During the development
of the sensor array, preliminary studies were performed to acquire the position based on the sensor node’s
magnetic sensors. Based on the idea that the printhead is disturbing the ambient magnetic őeld with its
mass and, especially, its electromotors, the position can be derived from the magnetic őeld sensor data from
sensor nodes placed at particular locations.
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9.2.6 Cyber and Physical Security
As described in this thesis, the distribution of digital models is threatened when unsecured. Furthermore,
3D printing hardware is prone to attacks and, with increased application, it will become an even more
attractive target to digitally attack the manufacturing process, to either cause harm to the manufacturer or
for unauthorised access to digital assets. As a consequence thereof, the AM equipment itself can become
vulnerable and must be protected. Maliciously altered machine code can cause damage to the hardware
resources. For further research, the complete 3D-PP must be analysed for vulnerabilities and methods to
ensure appropriate protection against internal and external threats. In cases of CM with multiple customers
who are 3D printing on shared equipment, compartmentalisation must be enforced. Research is further
required on encryption schemas that allow resource sharing, e. g., digital models, in well-deőned contexts in
non-fully trustable environments. The research questions following from this are:
• How to share models and data among collaborators and service providers without complete trust?
• How to ensure the integrity of a digital model őle throughout the complete 3D-PP?
• How to detect malicious or damaging machine code before execution?
• How to detect and avoid side-channel attacks during 3D printing?
This research can be based on the 3D printing service presented in this thesis, which acts as a platform for
integration, testing and application of the implemented concepts.
9.3 Student Contributions
Parts of the contributions described in this thesis are based on student’s projects or theses, that were
supervised during the time of writing of this dissertation. These student projects and theses were conceptualised
and devised by the author. Following is a list of the particular sections containing or building on such work.
The contribution described in Section 3.2 is based on a student’s project ‘Analysis of Slicing-Tools for
Fused Deposition Modeling 3D-Printers and comparison of different printers.’ [89]. I would like to thank
Halil Bugdayci, Jonas Grunert, and Fabian Keller for their contribution to this work.
The contribution described in Section 4.1 is based on a student’s project ‘Integration und Erweiterung
eines Softwaresystems zur Steuerung eines 3D-Druckers’ [40]. I would like to thank Fang Bao, Ting Luk-He,
and Karl Kaufmann for their contribution to this work.
Section 4.1.4.1 is based on a student thesis ‘Sensorentwicklung und Integration für 3D Drucker’ [394]. I
would like to thank Michael Sparmann for his contribution to this work.
The contribution described in Section 4.2 is based on a student’s project ‘Fehlererkennung beim 3D
Druck’ [306]. I would like to thank Daniel Nägele, Lan Jiang, and Robert Gänzle for their contribution to
this work.
The contribution described in Section 5.2, is the basis for a student’s thesis. I would like to thank Julia
Holzschuh for discussions on the topic and her work in this project.
The contribution described in Section 5.3 is based on a student’s project ‘Uniőed 3D Printing Platform –
U3DP’ [237]. I would like to thank Anna Kulischkin, Marc Tuscher, Jonas Koss, and Niklas Kleinhans for
their contribution to this work.
The contribution described in Chapter 7 uses models generated by David Correa. I would like to express
my gratitude for his help and the expressed permission to use these models.
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Appendix
A.1 Properties of AM Resources
In this section of the appendix, the properties of AM resources that are identiőed from the Internet and
literature research, as well as datasheets, are presented. The őrst column of the table (Name) makes the
respective property identiőable by providing a name for it. The second column (Category) denotes the
associated category. In the list presented, every property belongs to exactly one category. The third column
(Dependent Upon) indicates whether the property is dependent upon another property or category in its
value and, if so, which one. A property can depend on more than one other property or category. The fourth
column (Unit) denotes the unit in which the value of the property is represented. The őfth column (Source)
names the source from which the property was identiőed. In the majority of cases, the source is a datasheet
of a 3D printer. The name of the 3D printer from which the datasheet or website the property is identiőed
from is listed in this column. The indication EXP is used to signal that the property was identiőed by the
author in an experiment and no external support for this property is available in the literature. The sixth
column (Meaning) contains a textual description of the property and its meaning or relevance. In the seventh
column (Only Applicable for), it is indicated whether the property is only valid or meaningful in certain
contexts such as speciőc 3D printing technologies, or if the property is valid and meaningful in general. In
the eight column (Example), an exemplary value for the property is presented for enhanced understanding.
Columns nine to twelve (Static, Dynamic, Independent and Dependent) are utilised to indicate what the
nature of the property is in regard to its dynamicity and dependence on other properties. In these columns,
an x marks the applicable quality.
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Table A.1.: 3D Printing Resource Properties
Name Category Dependent
Upon
Unit Source Meaning Only Ap-
plicable for
Example St
at
ic
D
yn
am
ic
In
de
p
en
de
nt
D
ep
en
de
nt
Operating Tem-
perature Min
Printer °C Delta Go The lowest ambient temperature
the 3D printer is speciőed for op-
eration
15 °C x x
Operating Tem-
perature Max
Printer °C Delta Go The highest ambient temperat-
ure the 3D printer is speciőed for
operation
30 °C x x
Operating Hu-
midity Min
Printer % Delta Go The lowest ambient humidity the
3D printer is speciőed for opera-
tion
10% RH x x
Operating Hu-
midity Max
Printer % Delta Go The highest ambient humidity
the 3D printer is speciőed for op-
eration
90% RH x x
Machine Weight Printer kg TAZ 6 The gross weight of the 3D
printer
10.6 kg x x
Machine Length Printer mm ProX
DMP 200
The machine dimension (Length) 342 mm x x
Machine Height Printer mm ProX
DMP 200
The machine dimension (Height) 380 mm x x
Machine Depth Printer mm ProX
DMP 200
The machine dimension (Depth) 389 mm x x
Install Size
Length
Printer mm SLM 125 The length required for the in-
stallation/placement of the 3D
printer
1200 mm x x
Continued on next page
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Table A.1 – continued from previous page
Name Category Dependent
Upon
Unit Source Meaning Only Ap-
plicable for
Example St
at
ic
D
yn
am
ic
In
de
p
en
de
nt
D
ep
en
de
nt
Install Size
Height
Printer mm SLM 125 The height required for the in-
stallation/placement of the 3D
printer
770 mm x x
Install Size
Depth
Printer mm SLM 125 The depth required for the in-
stallation/placement of the 3D
printer
1950 mm x x
Build Envelope
Height
Printer No. Ex-
truders
mm SLM 125 The height of the build envelope 100 mm x x
Build Envelope
Width
Printer No. Ex-
truders
mm SLM 125 The width of the build envelope 100 mm x x
Build Envelope
Depth
Printer No. Ex-
truders
mm SLM 125 The depth of the build envelope 100 mm x x
Build Envelope
Radius
Printer No. Ex-
truders
mm Delta Go The radius of the build envelope,
For polar coordinate based sys-
tems
250 mm x x
Machine Data
Connection
Printer [String] ProX
DMP 200
The connection from the 3D
printer to a workstation or net-
work
USB 2.0,
SD-Card,
TCP/IP
x x
Electrical Input
Rating
Printer V ProX
DMP 200
Description of the required elec-
trical connection for the 3D
printer
400 V x x
Mimimum Pos-
sible Hole Dia-
meter
Printer Print Tech-
nology +
Material
mm Shapeways Description of the minimum hole
diameter possible to 3D print
1 mm x x
Continued on next page
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Table A.1 – continued from previous page
Name Category Dependent
Upon
Unit Source Meaning Only Ap-
plicable for
Example St
at
ic
D
yn
am
ic
In
de
p
en
de
nt
D
ep
en
de
nt
Positioning Ac-
curacy X
Printer µm Ultimaker
3
Description of the accuracy
achievable by the machine in po-
sitioning in the X axis
50 µm x x
Positioning Ac-
curacy Y
Printer µm Ultimaker
3
Description of the accuracy
achievable by the machine in po-
sitioning in the Y axis
50 µm x x
Positioning Ac-
curacy Z
Printer µm Ultimaker
3
Description of the accuracy
achievable by the machine in po-
sitioning in the Z axis
50 µm x x
Repeatability X Printer µm ProX
DMP 200
Capability of the 3D printer to
produce repeatable results within
a given margin, along the X-axis
20 µm x x
Repeatability Y Printer µm ProX
DMP 200
Capability of the 3D printer to
produce repeatable results within
a given margin, along the Y-axis
20 µm x x
Repeatability Z Printer µm ProX
DMP 200
Capability of the 3D printer to
produce repeatable results within
a given margin, along the Z-axis
20 µm x x
Print Accuracy
X
Printer Material µm Orion
Delta
Description of the accuracy
achievable by the machine in 3D
printing in the X-axis
100 µm x x
Print Accuracy
Y
Printer Material µm Orion
Delta
Description of the accuracy
achievable by the machine in 3D
printing in the Y-axis
100 µm x x
Continued on next page
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Table A.1 – continued from previous page
Name Category Dependent
Upon
Unit Source Meaning Only Ap-
plicable for
Example St
at
ic
D
yn
am
ic
In
de
p
en
de
nt
D
ep
en
de
nt
Print Accuracy
Z
Printer Material µm Orion
Delta
Description of the accuracy
achievable by the machine in 3D
printing in the Z-axis
150 µm x x
Number of Ex-
truders
Printer No. Ex-
truders
Int Replicator The number of extruders in-
stalled in a 3D printer
FDM 2 x x
Nozzle Diameter PrinterComponent Per Ex-
truder
[mm] Replicator+ The diameter of each extruder
installed in a 3D printer
FDM 0.4 mm,
0.3 mm
x x
Temperature
Extruder Min
PrinterComponent Per Ex-
truder
[◦ C] 3D-
Bioplotter
The minimum temperature an ex-
truder can work with
FDM 30 °C ,
70 °C
x x
Temperature
Extruder Max
PrinterComponent Per Ex-
truder
[◦ C] TAZ 6 The maximum temperature an
extruder can achieve
FDM 260 °C ,
290 °C
x x
Layer Thickness
Min
Printer Nozzle +
Material
µm Uitimaker
2+
The lowest layer size that the 3D
printer is capable of 3D printing
100 µm x x
Layer Thickness
Max
Printer Nozzle +
Material
µm Ultimaker
2+
The highest layer size that the 3D
printer is capable of 3D printing
400 µm x x
Movement
Speed Min
Printer Printhead mm
s
Ultimaker
3
The minimum speed that the
printhead can be moved without
any extrusion
FDM 200 mm
s
x x
Movement
Speed Max
Printer Printhead mm
s
DeltaWASP
20 40
Turbo
The maximum speed that the
printhead can be moved without
any extrusion
FDM 900 mm
s
x x
Extrusion
(Movement)
Speed Min
PrinterComponent Printhead +
Nozzle
mm
s
EXP The minimum speed that the
printhead can be moved while ex-
truding
FDM 100 mm
s
x x
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Extrusion
(Movement)
Speed Max
PrinterComponent Printhead +
Nozzle
mm
s
TAZ 6 The maximum speed that the
printhead can be moved while ex-
truding
FDM 600 mm
s
x x
Print Head Ac-
celeration Max
Printer Print Head mm
s2
Slic3r The maximum acceleration that
the print head is capable of
FDM 150 mm
s2
x x
Print Bed Speed
X Min
Printer mm
s
EXP In case of a moveable print bed
this denotes the minimum speed
that the printing bed can be
moved in the X-axis
10 mm
s
x x
Print Bed Speed
X Max
Printer mm
s
EXP In case of a moveable print bed
this denotes the maximum speed
that the printing bed can be
moved in the X-axis
100 mm
s
x x
Print Bed Speed
Y Min
Printer mm
s
EXP In case of a moveable print bed
this denotes the minimum speed
that the printing bed can be
moved in the Y-axis
10 mm
s
x x
Print Bed Speed
Y Max
Printer mm
s
EXP In case of a moveable print bed
this denotes the maximum speed
that the printing bed can be
moved in the Y-axis
100 mm
s
x x
Print Bed Speed
Z Min
Printer mm
s
EXP In case of a moveable print bed
this denotes the minimum speed
that the printing bed can be
moved in the Z-axis
10 mm
s
x x
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Print Bed Speed
Z Max
Printer mm
s
EXP In case of a moveable print bed
this denotes the maximum speed
that the printing bed can be
moved in the Z-axis
100 mm
s
x x
Print Bed Accel-
eration X Min
Printer mm
s2
EXP In case of moveable print bed this
denotes the minimum accelera-
tion of the printing bed in the
X-axis
5 mm
s2
x x
Print Bed Accel-
eration X Max
Printer mm
s2
Slic3r In case of moveable print bed this
denotes the maximum accelera-
tion of the printing bed in the
X-axis
50 mm
s2
x x
Print Bed Accel-
eration Y Min
Printer mm
s2
EXP In case of moveable print bed this
denotes the minimum accelera-
tion of the printing bed in the
Y-axis
5 mm
s2
x x
Print Bed Accel-
eration Y Max
Printer mm
s2
Slic3r In case of moveable print bed this
denotes the maximum accelera-
tion of the printing bed in the
Y-axis
50 mm
s2
x x
Print Bed Accel-
eration Z Min
Printer mm
s2
EXP In case of moveable print bed this
denotes the minimum accelera-
tion of the printing bed in the
Z-axis
5 mm
s2
x x
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Print Bed Accel-
eration Z Max
Printer mm
s2
Slic3r In case of moveable print bed this
denotes the maximum accelera-
tion of the printing bed in the
Z-axis
50 mm
s2
x x
Print Bed Tem-
perature Max
Printer Heating
Cartridge
°C TAZ 6 The maximum temperature the
printing bed can be set to
150 ◦ C x x
Print Bed Tem-
perature Min
Printer Print Bed
Cooling
°C 3D-
Bioplotter
The minimum temperature the
printing bed can be set to, active
cooling of printing bed is uncom-
mon
-30 ◦ C x x
Binder Material Material Print Tech-
nology +
Material
[String] S-Print
Furan
A list of materials that can be
used as a binder for a 3D printer
Powder
Based
Technol-
ogy
Furan x x
Processable Ma-
terial
Printer Extruder [String] TAZ 6 A list of materials that are pro-
cessable by the 3D printer
ABS, PLA,
Nylon
x x
Processable Ma-
terial Grain Size
Min
Printer Per Pro-
cessable
Material
µm S-Print
Furan
The minimum size of powder
grains that the 3D printer can
process
Powder
Based
Technol-
ogy
2 µm x x
Processable Ma-
terial Grain Size
Max
Printer Per Pro-
cessable
Material
µm S-Print
Furan
The maximum size of powder
grains that the 3D printer can
process
Powder
Based
Technol-
ogy
30 µm x x
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Max Object
Weight
Printer kg ProJet
7000 SD &
HD
Denotes the maximum weight,
All objects of a build can have
without skewing or damaging the
build plate
9.6 kg x x
Lead Time Inŕu-
encing Factors
Printer [String] EXP A list of factors inŕuencing the
lead time
Cleaning,
Model Pre-
paration
x x
Lead Time For-
mula
Printer String EXP A formula that can be used to
estimate/calculate the lead time
required for a 3D print
x x
Requires Per-
sonal Attend-
ance During
Print
Printer Bool EXP Indicator that states if personal
attendance during the 3D print-
ing process is required or not
Yes x x
Requires
Manual In-
teraction for
Start
Printer Bool Fortus
380mc
Indicator that states if personal
attendance during the preparat-
ory process is required or not
No x x
Requires
Manual In-
teraction for
End
Printer Bool Fortus
380mc
Indicator that states if personal
attendance during the stopping
process is required or not
Yes x x
Resolution X
Min
Printer Material mm Ultimaker
3
Synonym to Print Accuracy X 600 dpi x x
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Resolution Y
Min
Printer Material mm Ultimaker
3
Synonym to Print Accuracy Y 600 dpi x x
Resolution Z
Min
Printer Material mm Ultimaker
3
Synonym to Print Accuracy Z 800 dpi x x
Operation
Allowed for User
Printer Business
Process
[String] EXP A list of all users allowed to work
on or with the 3D printer
PrinterAdmin,
JorgeS,
PaulK
x x
Operation
Allowed for
Group
Printer Business
Process
[String] EXP A list of all user-groups allowed
to work on or with the 3D printer
ShopŕoorC2,
Shopŕoor
C3
x x
Maximum
Achievable Sur-
face Roughness
Material Printing
Technol-
ogy +
Material
µm ProX
DMP 200
The maximum average achiev-
able surface roughness for a 3D
printer
4 µm x x
Systematic
Shrinkage
during Build
Material Printing
Technol-
ogy +
Material
Bool EXP Indicator that states if there is
systematic shrinkage of the ob-
ject during the printing process
Yes x x
Atmosphere
Pressure
Printer Bar SLM 125 The required atmospheric pres-
sure for the 3D printer build en-
velop
6 Bar x x
Atmosphere
Connection
Printer String SLM 125 The connection of the 3D
printer for externally connected
atmosphereric supply systems
Self-
storing
connection
x x
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Atmosphere
Content
Printer [String] SLM 125 The required atmospheric
makeup for the 3D printers build
envelope
Argon, Ni-
trogen
x x
Consumables Printer [String] SLM 125,
Arcam
Q10plus
A list of consumables required for
the 3D printing process
1 l/h He x x
Compressed Air
Supply
Printer String Formiga P
110
Speciőcation of the required com-
pressed air connection to the 3D
printer
min. 6 000
hPa (87
psi); 10
m3
h
(13.08
m3)
x x
Atmosphere
Consumed
Printer l
min
SLM 125 Speciőcion of the amount of ex-
ternally supplied atmosphere the
3D printer is consuming during
a printing process
70 l
min
x x
Beam Focus Dia-
meter
PrinterComponent Laser lens µm SLM 125 The diameter of the laser beam Laser
Based
Systems
70 µm x x
Laser Energy PrinterComponent W SLM 125 The energy that is put out by the
laser
Laser
Based
Systems
400 W x x
Scanning Speed
Min
Printer mm
s
[182] The lowest speed that the laser
beam can scan across the build
surface
Laser
Based
Systems
80 mm
s
x x
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Scanning Speed
Max
Printer mm
s
[182] The highest speed that the laser
beam can scan across the build
surface
Laser
Based
Systems
90 mm
s
x x
Laser Type Printer String ProX
DMP 200
A speciőcation of the laser type CO2 x x
Power Supply Printer A FORMIGA
P 110
The amperage of the power sup-
ply to the 3D printer
32 A x x
Power Consump-
tion
Printer KW FORMIGA
P 110
The wattage of the power supply
to the 3D printer
3 KW x x
Power Phase Re-
quirement
Printer Int ProX
DMP 200
The phase requirement of the
power supply to the 3D printer
1 Phase, 3
Phase
x x
Precision Optics PrinterComponent String EOS M
400
The speciőcation of the laser op-
tics in the 3D printer
Laser
Based
Systems
F-theta-
lenses
x x
Legal Conform-
ity Certiőcates
Printer [String] ZPrinter
150
A list of legal conformity certiőc-
ates for the 3D printer
CE, NFPA x x
Workstation Re-
quirement Ram
Min
Printer MiB ZPrinter
150
The minimum amount of RAM
required for the workstation con-
trolling the 3D printer
8192 MiB x x
Workstation Re-
quirement OS
Printer [String] ZPrinter
150
A list of possible operating sys-
tems required for the workstation
controlling the 3D printer
current
Windows
operating
system
x x
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Workstation Re-
quirement CPU
Min
Printer String ZPrinter
150
The minimum CPU speed re-
quired for the workstation con-
trolling the 3D printer
Intel I5 2.3
GhZ
x x
Workstation Re-
quirement Net
Printer String ZPrinter
150
The speciőcation for the network
connection required for the work-
station controlling the 3D printer
Ethernet 1
Gbps, RJ-
45 Plug
x x
Resolution X Printer Material dpi ZPrinter
150
Synonym to Print Accuracy X 4000 dpi x x
Resolution Y Printer Material dpi ZPrinter
150
Synonym to Print Accuracy Y 4000 dpi x x
Resolution Z Printer Material dpi ZPrinter
150
Synonym to Print Accuracy Z 4000 dpi x x
Number of Jets Printer Int ZPrinter
150
The number of jets in a 3D
printer
MJM 304 x x
Accepted File
Formats
Printer Firmware [String] ZPrinter
850
A list of őle formats that the 3D
printer is capable of processing
STL,
VRML,
PLY, FBX,
3DS, ZPR
x x
Number of Col-
ors
Printer Print Head Int ZPrinter
850
The number of colors that are
printable by the 3D printer
390000 x x
Color Model Printer Firmware String ProJet
CJP 360
The color model used by the 3D
printer
CMY,
CMYK,
Mono-
chrome
x x
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Manufacturer Printer String EOS M
400
The manufacturer of the 3D
printer
Zcorp x x
Model Printer String EOS M
400
The model of the 3D printer Zprinter
850
x x
Serial Numbers Printer [String] EXP To be distinguished between
the manufacturer assigned serial
number, And possibly a serial
number within the institution
that utilizes the 3D printer
Mfg:
83892-
2883-233,
Int: 3838-
B
x x
Object Bound-
ing Box X Min
Printer Printing
Technol-
ogy +
Material
mm Shapeways The minimum size (along the X-
axis) of any object to be 3D prin-
ted
1 mm x x
Object Bound-
ing Box X Max
Printer Printing
Technol-
ogy +
Material
mm Shapeways The maximum size (along the X-
axis) of any object to be 3D prin-
ted
100 mm x x
Object Bound-
ing Box Y Min
Printer Printing
Technol-
ogy +
Material
mm Shapeways The minimum size (along the Y-
axis) of any object to be 3D prin-
ted
1 mm x x
Object Bound-
ing Box Y Max
Printer Printing
Technol-
ogy +
Material
mm Shapeways The maximum size (along the Y-
axis) of any object to be 3D prin-
ted
200 mm x x
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Object Bound-
ing Box Z Min
Printer Printing
Technol-
ogy +
Material
mm Shapeways The minimum size (along the Z-
axis) of any object to be 3D prin-
ted
1.5 mm x x
Object Bound-
ing Box Z Max
Printer Printing
Technol-
ogy +
Material
mm Shapeways The maximum size (along the Z-
axis) of any object to be 3D prin-
ted
80 mm x x
Min Supported
Wall Thickness
Material Printing
Technol-
ogy +
Material
mm Shapeways Minimum thickness of any wall
(that is supported) of an object
that is to be 3D printed
0.8 mm x x
Min Unsuppor-
ted Wall Thick-
ness
Material Printing
Technol-
ogy +
Material
mm Shapeways Minimum thickness of any wall
(that is not supported) of an ob-
ject that is to be 3D printed
0.9 mm x x
Min Supported
Wire
Material Printing
Technol-
ogy +
Material
mm Shapeways Minimum thickness of any wire
(that is supported) of an object
that is to be 3D printed
1 mm x x
Min Unsuppor-
ted Wire
Material Printing
Technol-
ogy +
Material
mm Shapeways Minimum thickness of any wire
(that is not supported) of an ob-
ject that is to be 3D printed
1 mm x x
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Min Emboss De-
tail Width
Material Printing
Technol-
ogy +
Material
mm Shapeways Minimum width of embossed de-
tail on an object to be 3D printed
0.45 mm x x
Min Emboss De-
tail Height
Material Printing
Technol-
ogy +
Material
mm Shapeways Minimum height of embossed de-
tail on an object to be 3D printed
0.45 mm x x
Min Engraved
Detail Width
Material Printing
Technol-
ogy +
Material
mm Shapeways Minimum width of engraved de-
tail on an object to be 3D printed
0.5 mm x x
Min Engraved
Detail Height
Material Printing
Technol-
ogy +
Material
mm Shapeways Minimum height of engraved de-
tail on an object to be 3D printed
0.5 mm x x
Min Escape
Holes
Material Printing
Technol-
ogy +
Material
String Shapeways Description of the type, place-
ment and number of escape holes
in an object
More than
one hole at
the objects
lowest
points and
the top
side
x x
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Clearance Material Printing
Technol-
ogy +
Material
mm Shapeways Distance required between any
parts of the object or between
objects to avoid fusing
2 mm x x
Enable Inter-
locking Parts
Material Printing
Technol-
ogy +
Material
Bool Shapeways Indicator if the 3D printing of
interlocking parts is feasible
Yes x x
Maximum Angle
for Unsupported
Overhang
Material Printing
Technol-
ogy +
Material
° EXP The angle up to which slopes can
be constructed without the re-
quirement of supporting struc-
tures
45° x x
Available Inőll
Patterns
Software Version [String] Slic3r A list of available inőll patterns
for non-solid 3D printing
ZigZag,
Honey-
comb,
Random
x x
Active Cooling
Extrudate
PrinterComponent Active
Cooling
Compon-
ent
Bool EXP Indicator if the extrudate is act-
ively cooled using a fan or not
FDM Yes x x
Hot Pause Abil-
ity
Printer Firmware Bool EXP Ability to pause a print without
cooling the extruders
Yes x x
Cold Pause Abil-
ity
Printer Firmware Bool CELRobox Ability to halt and resume a print
for a longer period of time
Yes x x
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Requires Sup-
port Structure
Printer Printing
Technol-
ogy +
Material
Bool EOSINT P
800
Describes if the object to be 3D
printed requires a support struc-
ture or not
No x x
Cathode Type Printer String Arcam
Q10plus
Describes the cathod, i.e. The
electron source, of the 3D printer
EBM Single crys-
taline
x x
Vacuum Pres-
sure
Printer mbar Arcam
Q10plus
The presurre of the vacuum re-
quired for operation of the 3D
printer
EBM 5 × 10−4
mbar
x x
Material Supply
Format/Pack-
aging
Printer String ProJet
7000 HD
& SD
Describes the format in which the
material is provided to the 3D
printer
Cartridge,
Powder,
Filament,
Pellets
x x
Noise (Opera-
tion)
Printer dBa ProJet
7000 HD
& SD
The amount of noise emitted by
the 3D printer during operation
65 dBa x x
Noise (Prepara-
tion)
Printer dBa EXP The amount of noise emitted by
the 3D printer during the prepar-
ation phase
55 dBa x x
Noise (Idle) Printer dBa EXP The amount of noise emitted by
the 3D printer while idle
40 dBa x x
Laser Wave
Length
Printer nm ProX
DMP 200
Wavelength of the laser unit in
the 3D printer
Laser
Based
Systems
1070 nm x x
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Material Depos-
ition Mechanism
PrinterType String ProX
DMP 200
Similar to the peel mechanism,
describes the method with which
the powder is spread for the next
layer
Roller,
Scraper
x x
Number of Print
Heads
Printer Int ProJet
CJP 360
The number of individual print-
heads in the 3D printer
4 x x
Filament Dia-
meter
Material Nozzle +
Material
mm Replicator+ Diameter of the őlament usable
with the 3D printer
FDM 1.75 mm x x
Stepper Motors PrinterComponent [String] Prusa i3 Description of Stepper Motors Nema 17 x x
Build Plate Ma-
terial
PrinterComponent String Ultimaker
3
Description of the material of
which the build plate/printing
bed is made of
Bor-Silicat
glass
x x
Nozzle Heat Up
Time
Printer Heating
Cartdrige
s Ultimaker
3
Time required for the extruder
to heat up to operating tem-
perature, most commonly about
240 °C
300 s x x
Build Plate Heat
Up Time
Printer Build
Plate
s Ultimaker
3
Time required for the build
plate/printing bed to heat up
to operating temperature, most
commonly about 120 °C
120 s x x
Build Speed Printer Nozzle +
Material
mm3
s
Ultimaker
2+
Indicates the maximum amount
of material per second that is de-
posited during the 3D print
16 mm
3
s
x x
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Platform Level-
ing Mode
Printer String UPBOX+ Describes the mechanism that is
used to level the build plate/print
bed
Full auto-
matic
leveling
with in-
tegrated
leveling
probe
x x
Laser Class Printer Int Form 2 Classiőcation for the laser system
of the 3D printer
Laser
Based
Systems
Class 1 x x
Laser Certiőca-
tion
Printer String Form 2 Describes the certiőcation for the
laser unit in the 3D printer
Laser
Based
Systems
EN 60825-
1:2007 cer-
tiőed
x x
Peel Mechanism Printer String Form 2 Describes the mechanism that is
used to peel, i. e., Wet the top
surface, of an object
SLA x x
Resin Fill Mech-
anism
Printer String Form 2 Describes the mechanism that is
used to őll the vat with resin
SLA Automatic
őll mech-
anism
x x
Extruder Heater
Cartridge
Wattage
Printer Per Ex-
truder
[W] ROSTOCK
MAX V3
Watts that the heating cartridge
of the extruder consumes
40 W x x
Extruder Heater
Cartridge
Voltage
Printer Per Ex-
truder
[V] EXP Voltage with which the heat-
ing cartridge for the extruder is
driven
24 V x x
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Firmware Name Printer String Creator
Pro 3D
Describes the őrmware that is in-
stalled on the 3D printer
Sailősh,
Marlin
x x
Firmware Ver-
sion
Printer String EXP Firmware version indicator 5.0.1 x x
Deposition Rate Printer Material kg
h
LENS 450 Rate of which material is depos-
ited, i. e., At which rate an object
is printed
0.5 kg
h
x x
Special Facility
Requirements
Printer String Objet24 Description of special require-
ments for installation of the 3D
printer
None x x
Network Con-
nectivity
Printer String Dimension
Elite
Describes the kind and speed of
the network connectivity of the
3D printer
Ethernet
TCP/IP
10/100Base-
T
x x
Automatic Ma-
terial Recogni-
tion
Printer Bool CELRobox Indicator for the presence of any
kind of automatic material recog-
nition system in the 3D printer
Yes x x
Internal Light-
ing
Printer Lighting
Compon-
ent
String CELRobox Describes if and what kind of in-
ternal lighting is present in the
3D printer
Full RGB x x
Enclosed Build
Envelope
Printer Bool CELRobox Indictor for presence of an en-
closed build envelope
No x x
3rd Party Mater-
ial Compatible
Printer Bool CELRobox Indicator for the (allowed) use of
compatible third party material
Yes x x
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Nozzle Offset X PrinterComponent Nozzle mm EXP For multi-nozzle systems, the off-
set of each nozzle to the middle
of the printhead (X-axis)
5 mm x x
Nozzle Offset Y PrinterComponent Nozzle mm EXP For multi-nozzle systems, the off-
set of each nozzle to the middle
of the printhead (Y-axis)
0 mm x x
Nozzle Offset Z PrinterComponent Nozzle mm EXP For multi-nozzle systems, the off-
set of each nozzle to the middle
of the printhead (Z-axis)
0 mm x x
Coordinate Sys-
tem
Printer String EXP Cartesian, Polar, Spherical or
other coordinate system that is
used by the 3D printer for move-
ment and positioning
Cartesian
coordinate
system
x x
Printer Geo-
metry
Printer String EXP Cartesian, Polar or Spherical geo-
metry of the 3D printer . Also
possible to denote robot based
geometry
Polar geo-
metry
x x
Coordinate Sys-
tem Origin
Printer String EXP Denotes the origin of the 3D
printer that is used for referen-
cing
Origin is at
top right
corner of
3D build
envelope
Absolute Dens-
ity
Material g
cm3
ProX
DMP 200
Material property 4.51 g
cm3
x x
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Upon
Unit Source Meaning Only Ap-
plicable for
Example St
at
ic
D
yn
am
ic
In
de
p
en
de
nt
D
ep
en
de
nt
Relative Density Material % ProX
DMP 200
Material property 100.00% x x
Cytotoxicity
(ISO 10993-5)
Material Int ProX
DMP 200
Material property Grade 0 x x
Melting Point Material ◦ C ProX
DMP 200
Material property 1668 °C x x
Magnetic Per-
meability
Material H/m ProX
DMP 200
Material property 1.0008 x x
Electrical Resit-
ivity
Material nΩ×m ProX
DMP 200
Material property 740 nΩ×m x x
Speciőc Heat
Capacity
Material Temperature-
Range
[ J
kg×K ] ProX
DMP 200
Material property 0–100 °C :
500 J
kg
×K
x x
Coefficient
of Thermal
Expansion
Material Temperature-
Range
[ 1◦C] ProX
DMP 200
Material property 20–100 °C :
7.71
×10−6
/◦ C, 20–
300 °C :
9.4 ×10−6
/ ◦ C
x x
α/β Transus
Temperature
Material ◦ C ProX
DMP 200
Material property 882 °C x x
Micro Vickers
Hardness
Material Hv ProX
DMP 200
Material property 210 Hv x x
Macro Rockwell
C Hardness
Material HRC ProX
DMP 200
Material property 30 HRC x x
Continued on next page27
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Name Category Dependent
Upon
Unit Source Meaning Only Ap-
plicable for
Example St
at
ic
D
yn
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ic
In
de
p
en
de
nt
D
ep
en
de
nt
Thermal Con-
ductivity
Material Temperature [ W
m×K ] ProX
DMP 200
Material property 50 °C : 16
W
m×K
x x
Flexural Modu-
lus
Material MPa ProX 800 Material property 1660 MPa x x
Flexural
Strength
Material MPa ProX 800 Material property 55 MPa x x
Tensile Modulus Material MPa ProX 800 Material property 1590 MPa x x
Tensile Strength Material MPa ProX 800 Material property 38 MPa x x
Elongation at
Break
Material % ProX 800 Material property 13.00% x x
Impact Strength Material J
m
ProX 800 Material property 19 J
m
x x
Heat Deŕection
Temp
Material Pressure [◦ C] ProX 800 Material property 60 psi: 58,
264 psi: 51
x x
Viscosity Material Temperature [cps] ProX 800 Material property 30 °C :25,
50 °C :20
x x
Shore Hardness Material D ProX SLS
500
Material property 73 D x x
Dielectric Con-
stant
Material Frequency [Int] ProX SLS
500
Material property 3.31 x x
Dielectric
Strength
Material kV
mm
ProX SLS
500
Material property 18.1 kV
mm
x x
Volume Resistiv-
ity
Material Ω×cm ProX SLS
500
Material property 7.2 ×
1014Ω×cm
x x
Flammability Material Length [String] ProX SLS
500
Material property HB x x
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Name Category Dependent
Upon
Unit Source Meaning Only Ap-
plicable for
Example St
at
ic
D
yn
am
ic
In
de
p
en
de
nt
D
ep
en
de
nt
Young’s Modu-
lus
Material GPa ProX
DMP 200
Material property 105 GPa x x
Yield Strength Material MPa ProX
DMP 200
Material property 320 MPa x x
Ultimate Tensile
Strength
Material MPa ProX
DMP 200
Material property 450 MPa x x
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A.2 XSD for Resource Description
In this section of the appendix, the resource description is presented as an XML Schema Deőnition (XSD).
This schema is used for the work presented in Section 5.2. The main concern in the design of the schema was
the ŕexibility and extensibility of the properties.
1 <?xml version = "1.0"?>
3 <xs:schema xmlns:xs="http: //www.w3.org /2001/ XMLSchema"
targetNamespace="http: // linguine.informatik.uni -stuttgart.de"
5 xmlns:tdp="http: // linguine.informatik.uni -stuttgart.de"
elementFormDefault="qualified">
7 <xs:complexType name="MaterialType">
<xs:sequence >
9 <xs:element name="id" type="xs:ID" minOccurs="1" maxOccurs="1" />
<xs:element ref="tdp:mproperty" maxOccurs="unbounded" />
11 </xs:sequence >
</xs:complexType >
13
<xs:complexType name="Material">
15 <xs:sequence >
<xs:element name="id" type="xs:ID" minOccurs="1" maxOccurs="1" />
17 <xs:element ref="tdp:mproperty" maxOccurs="unbounded" />
</xs:sequence >
19 </xs:complexType >
21 <xs:complexType name="PrintingTechnology">
<xs:sequence >
23 <xs:element name="id" type="xs:ID" minOccurs="1" maxOccurs="1" />
<xs:element ref="tdp:mproperty" maxOccurs="unbounded" />
25 </xs:sequence >
</xs:complexType >
27
<xs:complexType name="PrinterType">
29 <xs:sequence >
<xs:element name="id" type="xs:ID" minOccurs="1" maxOccurs="1" />
31 <xs:element ref="tdp:mproperty" maxOccurs="unbounded" />
</xs:sequence >
33 </xs:complexType >
35 <xs:complexType name="Printer">
<xs:sequence >
37 <xs:element name="id" type="xs:ID" minOccurs="1" maxOccurs="1" />
<xs:element ref="tdp:mproperty" maxOccurs="unbounded" />
39 </xs:sequence >
</xs:complexType >
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41
<xs:complexType name="PrinterComponent">
43 <xs:sequence >
<xs:element name="id" type="xs:ID" minOccurs="1" maxOccurs="1" />
45 <xs:element ref="tdp:mproperty" maxOccurs="unbounded" />
</xs:sequence >
47 </xs:complexType >
49 <xs:complexType name="influence">
<xs:sequence minOccurs="1" maxOccurs="1">
51 <xs:element name="id" type="xs:ID" minOccurs="1" maxOccurs="1" />
53 <xs:choice >
<xs:element ref="tdp:MaterialType" />
55 <xs:element ref="tdp:Material" />
<xs:element ref="tdp:PrinterType" />
57 <xs:element ref="tdp:Printer" />
<xs:element ref="tdp:PrinterComponent" />
59 <xs:element ref="tdp:PrintingTechnology" />
</xs:choice >
61
<xs:element name="influenceMethod" type="xs:string" />
63 </xs:sequence >
</xs:complexType >
65
<xs:complexType name="validity">
67 <xs:sequence >
<xs:element name="id" type="xs:ID" minOccurs="1" maxOccurs="1" />
69 <xs:element name="validityCondition" type="xs:string" minOccurs="1"
maxOccurs="unbounded" />
</xs:sequence >
71 </xs:complexType >
73 <xs:complexType name="mproperty">
<xs:sequence >
75 <xs:element name="unit" type="xs:normalizedString" minOccurs="1"
maxOccurs="1"/>
<xs:element name="description" type="xs:normalizedString" minOccurs=
"1" maxOccurs="1"/>
77 <xs:element name="value" type="xs:normalizedString" minOccurs="1"
maxOccurs="1"/>
<xs:element name="name" type="xs:normalizedString" minOccurs="1"
maxOccurs="1" />
79 <xs:element name="added" type="xs:dateTime" minOccurs="1" maxOccurs=
"1" />
<xs:element ref="tdp:influence" maxOccurs="unbounded" />
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81 <xs:element ref="tdp:validity" maxOccurs="unbounded" />
</xs:sequence >
83 </xs:complexType >
85 <xs:complexType name="resourceDescription">
<xs:sequence minOccurs="1" maxOccurs="1">
87 <xs:element name="id" type="xs:ID" minOccurs="1" maxOccurs="1" />
89 <xs:sequence >
<xs:element ref="tdp:PrintingTechnology" minOccurs="1" maxOccurs="
1" />
91 <xs:element ref="tdp:PrinterType" minOccurs="1" maxOccurs="1" />
<xs:element ref="tdp:Printer" minOccurs="1" maxOccurs="1" />
93 <xs:element ref="tdp:PrinterComponent" minOccurs="0" maxOccurs="
unbounded" />
<xs:element ref="tdp:MaterialType" minOccurs="1" maxOccurs="
unbounded" />
95 <xs:element ref="tdp:Material" minOccurs="1" maxOccurs="unbounded"
/>
<xs:element ref="tdp:mproperty" minOccurs="1" maxOccurs="unbounded
" />
97 </xs:sequence >
</xs:sequence >
99 </xs:complexType >
</xs:schema >
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